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4 Abstract
Abstract
 This study is focused on an integrated geological analysis of both onshore and 
offshore Cenozoic carbonates from the Sarawak Basin, NW Borneo. The principal 
aims of this thesis are to (1) investigate the regional factors that control the carbonate 
development, geometry and distribution, (2) determine sedimentological and high order 
sequence stratigraphic models, and (3) analyse the diagenesis of these isolated carbonates 
and better constrain their overall reservoir characteristics. The study is based on (1) four 
carbonate build-ups in the offshore Central Luconia Province (Middle-Late Miocene), 
and (2) four onshore carbonate units (Late Eocene-Early Miocene). 
 The regional synthesis indicates that the sites for carbonate growth were 
mainly controlled by palaeo-basement tectonic structures that partially determined the 
buildups’ shape and morphology. Some carbonates developed on flat rift blocks show 
flat-top morphology, while others grew on tilted sub-blocks and basinal often display 
conical shapes. The tectonics also controlled subsidence, uplift, tilting, faulting and later 
influenced local relative sea-level fluctuations, which strongly affected facies variability, 
stratal geometry and carbonate demise. A good match between the stratigraphy and global 
sea-level curves suggests that eustacy was the main controlling mechanism for carbonate 
growth. Eustatic sea-level changes have also influenced the rate of growth, erosion, and 
buildup geometry, that ultimately impacted the reservoir property distribution. 
 The sedimentological study reveals variability between the individual onshore 
build-ups, which display unique depositional patterns, facies and biota systems eventhough 
they are the same age and located only several kilometres apart. During the Late Eocene, 
the Lower Batu Gading Limestone was typified by massive nummulitic facies, that is 
occasionally interbedded with matrix-rich limestone once it moves away from the bank of 
ramp setting. The Upper Batu Gading Limestone (Early Miocene) sits on a disconformity 
and is composed of finely bedded and brecciated limestones. In contrast, the Suai Limestone 
is characterised by fining upward parasequences of larger foraminifera dominated by large 
Eulepidina spp, while the Subis Limestone is rich in massive/branching corals, benthic 
foraminifera and algae. The Bekenu Limestone is composed of finely laminated marls 
and shale rich in planktonics that represents an analogue for calci-turbidite carbonates 
as shown by strong seismic attributes offshore. These variations suggest that the isolated 
carbonates onshore northwest Sarawak grew with different depositional constraints, such 
as variations in light intensity, water depth, salinity and nutrient levels. In contrast, the 
offshore carbonates show very favourable conditions for carbonate growth, as indicated 
by much greater similarity in terms of facies, foram size, biota systems and sequences. 
 The onshore carbonates have undergone less complex diagenesis than their offshore 
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equivalent. The latter have been affected by ten major stages of calcite cementation and 
dolomitisation. Each stage shows large variations in elemental and isotopic compositions. 
Tm ice of inclusions indicates that they were trapped from evaporitic waters during burial 
or mixed marine/meteoric waters at relatively low temperature (<50oC). However, these 
cements completely obliterated the pores and made the reservoir quality onshore relatively 
poor. In contrast, the offshore carbonates have undergone more complex diagenetic 
pattern, including reversal in reservoir properties. The build-ups have been affected by 
at least nine stages of calcite, dolomite and dedolomite cementation together with three 
major dissolution and several minor alteration episodes. A little variation in elemental 
composition but significant changes in isotopic ratios of these cements suggests drastic 
changes in diagenetic palaeo-fluid systems over time. The presence of high temperature 
minerals and high Th (130oC) indicate the possible involvement of late stage corrosive 
fluids of hydrothermal origin that migrated upward along faults and was responsible for 
large porosity and permeability enhancement of the reservoirs. 
 This study provides a new insight into the factors that controlled carbonate 
development and distribution, geometry and facies variability for prospect and reservoir 
characteristics. These findings can be used as an analogue to better understand the older 
and deeper carbonates within other parts of the Sarawak Basin, which will help future 
exploration and development strategies. 
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dang et al., 2006) and over 200 build-ups have been seismically mapped 
in offshore Sarawak, mostly within the Central Luconia Province (Coca, 
2004).
Fig. 3.19  Stratigraphy across the Borneo Chronostratigraphy after Gradstein et al. 
(20014);  tectonostratigraphy and lithostratigraphy units, reinterpreted 
mainly from various sources.
Fig. 3.20   Chronobio-stratigraphic framework and correlation of carbonate forma-
tions	in	Sarawak.	Chronostratigraphy	is	modified	after	Gradstein et al. 
(2004), Biostratigraphy after Lunt (2004) and Outcrop stratigraphy re-
interpreted after Saller et al. (1993), Saller and Vijaya (2002),  Adamas 
and hank (1962), Adams (1965), Adams and Wilford (1972), Boudagher-
Fadel et al. (2002) and Wannier (2008).
Fig. 4.1  Cycle and stratigraphic interpretation based on seismic.
Fig. 4.2 Depositional environment interpretation based on log response and seis-
mic facies on the same seismic section.
Fig. 5.1 (1):  Superimposition of major structural lineaments, palaeo-ridges and car-
bonate build-ups. Most build-ups are developed on top of palaeo-ridges 
and structural highs across the basin. This evidence strongly suggests 
that the palaeo-tectonic highs are the main controlling factors for carbon-
ate growth and its distribution within the Sarawak Basin.
Fig. 5.1 (2)   (A) Major palaeo-structural highs created by the earlier rifting during the 
Pre-TB1.5 time in the Central Luconia Province as observed on seismic 
sections. Most of the structures oriented NE-SW and changed to NNW-
SSE northwards. (B) During the TB1.5, the lowland areas have been 
filled	with	clastic	sediments	that	came	from	the	Penian	High	area	S-SW	
direction. Some Oligocene-early Miocene carbonates started to develop 
onshore near the Suai and also in the northern regions. The palaeo-ridges 
and structural highs remain uncovered during this period (Taylor et al., 
1997).	(C)	The	lowland	areas	in	between	the	palaeo-ridges	were	infilled	
by the subsequent sediments during the TB2.1 (A) and TB2.2 (B) times 
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(D) The sedimentation was also controlled by the West Baram Line that 
separates the Central Luconia from the Baram Delta Provinces. Carbon-
ates were extensively developed at the margin of the coastline where the 
Suai Limestone is located. The Balingian Province remained high at the 
time	(Modified	after	Taylor	et al., 1997)..
Fig. 5.2  Top carbonate depth map shows the distribution pattern of carbonate 
build-ups within the Central Luconia Province. A dominant NE-SW and 
N-S orientation strongly suggests that the carbonate development and 
distribution were strongly controlled by deep-seated palaeo structural 
highs that were generated by the uplift and rifting activities. (B1 and B2) 
The Central Luconia carbonates are represented by two distinctive mor-
phologies;	flat-top	platform	and	conical	 types.	The	EK	and	FM	build-
ups	(A)	are	the	examples	of	the	conical-type,	while	the	flat-top	platform	
carbonate (B) is represented by FW build-up. Each build-up shows layer 
cake architecture, the alternation of porous and non-porous carbonate 
layers	as	shown	by	dark	and	light	reflectors.
Fig. 5.3 (A) Panoramic view of the Subis Limestone complex shows three levels 
of topography that possibly represent three subaerial exposure surfaces 
resulting from three major sea-level falls during the early Miocene. Two 
of these surfaces are evident from the outcrop observation. (B) shows 
the Suai Limestone topography that consists huge larger foraminifera 
with the absence of corals. This limestone is composed of different biota 
systems, which is believed to be controlled by oceanographic parameters 
like water depth, salinity, nutrient richness and light intensity variations 
during the carbonate development. (C) Angular unconformity separates 
the highly folded Late Cretaceous turbidite sequence of the Kelalan For-
mation (below the red line) from the late Eocene nummulitic limestone 
bed (above the red line). The nummulitic limestone was also developed 
on palaeo-structural high of the Kelalan formation that had been severely 
controlled by a major regional unconformity. This feature is similar to 
the middle Miocene Unconformity (MMU) that affecting the Central and 
North Luconia carbonates.
Fig. 5.4 (1)   The regional seismic lines across the Central Luconia Province show the 
flat-top	platform	and	conical-shape	pinnacle	carbonates	that	thicken	to-
wards the shelf edge (NW direction). The seismic sections clearly show 
that the carbonate morphology is very much controlled by the topogra-
phy of the palaeo-structural highs below the carbonates.
Fig. 5.4 (2) Regional E-W seismic line shows the stratigraphy, morphology and dis-
tribution of carbonate build-ups across the West Luconia, Central Luco-
nia and Baram Delta Provinces in offshore Sarawak. This seismic line in-
dicates that most of the build-ups were developed on palaeo-topographic 
highs. As different build-ups were initiated and terminated at different 
times,	stratigraphic	correlation	between	the	build-ups	is	always	difficult	
without having a nearby well control. The build-ups were entensively de-
veloped within the Central Luconia Province and completely terminated 
at the margin of the West Baram Line. The absence of carbonate build-
ups within the Baram Delta Province strongly indicates that clastic poi-
soning resulting from an extensive progradation prevented the carbonate 
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growth within the Baram Delta area.        
Fig. 5.4 (3)  (A) Uninterpreted NE-SW seismic section across North and Central 
Luconia and Balingian Provinces. (B) A NE-SW regional seismic line 
shows a very rugged carbonate topography due to uplifted basement 
structures. This seismic section shows that the carbonate build-ups are 
younger and thicker towards the shelf edge. The carbonate is thinner in 
the Balingian Province and thicker towards the shelf margin in the North 
Luconia Province.  
Fig. 5.5 (1)  Regional seismic line that passes through the West Luconia, Central Lu-
conia and West Baram Line.
Fig. 5.5 (2)  West-East regional seismic line that passes through the West and Central 
Luconia and Baram Delta Provinces. 
Fig. 5.5 (3)  Eat-West regional line that passses through the West Baram Line that 
separates the Baram Delta from the Central Luconia Platform.   
Fig. 5.5 (4)  (A and B) The NE-SW regional seismic line shows the morphology and 
distribution of carbonate build-ups across the Central and North/North-
west Luconia Provinces, offshore Sarawak. Red line has been interpreted 
to represent the MMU surface that could be traced regionally. The topo-
graphic surface of this unconformity could determine the morphology 
and types of the build-ups. Flat topographic surface of this unconformity 
would	form	flat-top	platform,	while	uneven	topographic	surface	would	
generate	conical-type	build-up.	(C)	A	close-up	view	showing	the	flat-top	
carbonate build-up sitting right above the elevated MMU unconformity 
surface. The morphology of this carbonate build-up tend to follow the 
topography	of	the	MMU	surface.	Steeper	flank	faced	the	main	wind	or	
wave	direction	while	the	gentle	flank	represents	the	opposite	direction.	
The	 platform	 is	 finally	 covered	 by	 hemipelagic	 deep	water	 sediments	
before it completely drown.        
Fig. 5.5 (5)  A close up view of another regional seismic section over the heart of 
the	Central	Luconia	Province	shows	both	flat-top	platform	(P)	and	con-
ical-shape	(C)	morphologies.	Strong	reflectors	underneath	show	that	the	
morphologies are strongly controlled by the underlying palaeo-structural 
highs created by tectonic rifting. Karst topography (K) is evidenced in 
some build-ups.
Fig.	5.6			 Isotope	 records	 and	 eustatic	 sea-level	fluctuations	 from	equatorial	Pa-
cific	 DSDP	 sites	 taken	 from	 the	 following	 sources	 show	 the	 palaeo-
oceanographic parameters during the Oligocene to late Miocene. Eus-
tatic sea-level curve (Haq et al., 1981; 1985); Isotope data from Savin 
et al., (1975; 1981), Keigwin and Keller (1984), Savin et al., (1985), 
Vincent and Killingley (1985), Savin et al., (1981), Zachas et al., (2001) 
and	John	et al., (2004). Palaeo-oceanographic events from Furthorpe and 
Schlanger (1989).
Fig. 5.7  (A and B) A Computer simulation of wind circulation during the mid-
dle Miocene within the Central Luconia Province inidicates bidirectional 
summer	and	winter	monsoon	winds	at	an	angle	of	about	100	(modified	
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after Vahrenkamp et al., 1996; 2004). The NW to SE margin of FW 
build-up is building more gently dipping and this bearing coincides with 
the downwind direction of the predicted Miocene palaeo-winds. (C) The 
comparison with the present day wind and tide direction.
Fig. 5.8 Schematic reconstruction and model of the most offshore carbonate 
build-ups in North Luconia during the middle Miocene to Recent based 
on seismic evidences. (1) The Pre-middle Miocene sequences were af-
fected by the initial stage of faulting, (2) The Pre-Middle Miocene se-
quences were strongly affected by the movement of the fault, (3) The up-
lifted sequences were subjected to hiatus and erosion during the Middle 
Miocene	Unconformity	(MMU).	The	fault	walls	were	filled	by	reworked	
Pre-MMU sediments, (4) Carbonate platform started to develop on top 
of structural high and the  clastics sediments started to cover the remain-
ing low areas. Ponded turbidite started to deposit within the topographic 
low areas of the sub-blocks when the sea level stagnant, (5) Carbonate 
continued to grow during sea-level rise and clastic sediments continued 
to deposit above and over the earlier clastic sequences and ponded tur-
bidites,	and	finally	(6)	During	major	sea-level	rise,	 the	carbonate	plat-
form was completely terminated and covered by hemipelagic sediments.
Fig. 5.9 Chronostratigraphy, tectonics and eustatic sea level changes in the 
Sarawak Basin. (After Haq et al. (1985); Harland et al. (1989); Barbeito 
(2005)).
Fig.	5.10	 The	E-W	lines	arranged	from	N	to	S	over	the	northern	flank	of	the	plat-
form show the growth of carbonate platforms on rotated Pre-MMU fault 
block in the northern offshore Sarawak. These evidences indicate how 
the	carbonate	respond	to	sea-level	fluctuation	and	finally	determine	the	
morphology and geometry of the buildups.
Fig. 5.10 (0)  The Shell’s depositional model used within the Baram Delta region 
(modified	after	Ho,	1978).
Fig. 5.10 (1)  Palaeogeographic map of Sarawak during the Cycle I (Oligocene).
Fig. 5.10 (2)  Palaeogeographic map of Sarawak during the Cycle II (early Miocene).
Fig. 5.10 (3) Palaeogeographic map of Sarawak during the Cycle III (early to middle 
Miocene).
Fig. 5.10 (4) Palaeogeographic map of Sarawak during the Cycle IV (early middle 
Miocene).  
Fig. 5.10 (5) Palaeogeographic map of Sarawak during the Lower Cycle V (middle 
Miocene).
Fig. 5.10 (6)  Palaeogeographic map of Sarawak during the Middle Cycle V (middle to 
early Late Miocene).
Fig. 5.10 (7) Palaeogeographic map of Sarawak during the Upper Cycle V (late Mio-
cene).
Fig. 5.10 (8) Palaeogeographic map of Sarawak during the Middle to Lower Cycle VI 
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(late Miocene to Pliocene).
Fig. 5.10 (9)  Palaeogeographic map of Sarawak during the Upper Cycle VI (Late Pli-
ocene). 
Fig. 5.10 (10)  Palaeogeographic map of Sarawak during the Cycle VII (Late Pliocene 
to Early Pleistocene).
Fig. 6.1  The map shows the locations of three onshore limestone complexes used 
in this particular study.
Fig. 6.2 (1) The schematic location map and the overview of three of the Batu Gad-
ing Limestone outcrops used in this study.
Fig. 6.2 (2)  A close-up view of the Batu Gading Limestone outcrops used in this 
study.
Fig. 6.2 (3)  (A - D) Melinau wedge top basin schematic evolution model as inter-
preted by Wannier (2008). Conceptual N-S cross section illustrates the 
progrerssive rotation of the carbonate basin within the linked extension-
al compressional structural setting during the Middle Eocene to Earli-
est Miocene. (b) Schematic palaeogeographic reconstructions across 
onshore	Sarawak	during	late	Eocene	to	Early	Miocene	(modified	after	
Wannier, 2008) and the locations of the studied limestone complexes.
Fig 6.2 (4)  (A) Sketched map based on Adams and Haak (1962) showing the distri.
bution of carbonates around the Batu Gading area. Localities 1 to 6 show 
the positions of outcrops used in this study.
Fig. 6.2 (5)  General correlation of the Lower and Upper Units of the Batu Gading 
Limestone based on outcrops exposed at 4 different localities. The facies 
has laterally changed from foraminiferal limestone to limestone breccia 
at locality 1. The nummulitic limestone has also changed from massive 
nummulitic limestone at locality 2b to inter-bedded nummulitic and fo-
raminiferal limestones at locality 3.
Fig. 6.2 (6) Lithological contacts within the Upper Unit of the Batu Gading Lime-
stone. The facies has laterally changed from foraminiferal limestone to 
limestone breccia at locality 1.
Fig. 6.2 (7)  Sharp contacts between the Kelalan Formation (late Cretaceous) and 
nummulitic limestone (late Eocene), bedded limestone and the Setap 
Formation clastics. The Kelalan Formation is separated from nummulitic 
limestone by an angular unconformity.
Fig. 6.2 (8)  The sedimentary succession, facies and depositional environment inter-
pretation of the Batu Gading Limestone complex at different localities. 
The small map on the left show the positions of the outcrops.
Fig. 6.2 (9)   The possible depositional model of the Lower Unit of the Batu Gad-
ing Limestone complex. The nummulitic limestone represents the shoal/
bank complex within the ramp setting.
Fig. 6.2 (10) Proposed depositional models for the Lower (A) and Upper (B) Units of 
the Batu Gading Limestone complex.
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Fig. 6.3 (1)  An overview of the Subis Limestone complex. Due to security reasons, 
only Debestone Quarry site was logged for this study. The topographic 
map shows that the complex has been cut by a series of faults with dif-
ferent orientations.
Fig. 6.3 (2) Interpreted sedimentary sequence of the Subis Limestone complex based 
on description at localities 1 and 2. The facies types and the possible 
depositional environments are also included. The sampling points are 
shown in RED.
Fig. 6.3 (3) The description of the Subis Formation at Batu Niah near the Subis 
Limestone complex. The location is shown in red dot. The description at 
similar locality was also done by Wannier et al. (2011).
Fig. 6.3 (4)  Possible depositional model of the Subis Limestone complex based on 
logged section at the new quarry site and information collected from 
other nearby quarries. 
Fig. 6.4  An overview of the Suai Limestone complex. The complex sits on top 
of palaeo-structural high made up of sandstone rich in Thallasinoides. 
The	sequence	is	comprised	of	huge	and	flat	Eulepidina/Lepidocyclinid 
limestone that graded into well rounded larger foraminifera with mud-
supported fabric. The sequence is capped by thick siliciclastic sequence 
of the Setap Shale.
Fig. 6.4 (1) General outcrop description of the Suai Limestone complex at different 
localities. The sampling points are shown in RED.
Fig. 6.4 (2)  The Suai Limestone complex succession with possible depositional en-
vironment interpretation. Some selected sampling points are shown in 
RED.
Fig. 6.4 (3) Foraminiferal distribution model within the carbonate shelf during Ce-
nozoic (after Van Gorsel, 1988) that is being used in interpreting the Suai 
Limestone complex.
Fig. 6.4 (4) The distribution of Eulepidina dilatata facies in onshore Sarawak based 
on correlation of wells and outcrops within the area.
Fig. 6.5 The description of part of the Bekenu Limestone complex as shown in 
the photo. Note that the sequence is made up of thinly bedded calcare-
ous siltstone, silty limestone and calcareous shale/mudstone that consists 
abundance of planktonic foraminifera.
Fig. 6.6 (1)  Correlation of the onshore and offshore carbonate wells and outcrops 
within the Sarawak Basin.
Fig. 6.6 (2)  A proposed conceptual sedimentary model of northern Sarawak during 
the late Eocene to early Miocene. Note that the tentative boundary be-
tween the shallow and deeper marine is shown by red lines. The overall 
coastline oriented NW-SE.
Fig. 7.1 The locations of the studeid EK, FM and FW buildups.
Fig. 7.2:  Depositional environments and physiographic zones observed in Central 
19List Of Figures, Tables, Photos And Appendices
Luconia carbonates (A) (Ho, 1978; Epting, 1980) as compared to general 
model	established	by	James	(1979)	(B).	The	fossil	assemblages	to	dif-
ferentiate depositional environments are shown in (C) (Ho, 1978).
Fig.	7.3	(1):		 The	possible	growth	phases	correlation	within	the	EK	field.
Fig.	7.3	(2):		 The	possible	growth	phases	correlation	within	the	FM	field.
Fig.	7.3	(3):		 The	possible	growth	phases	correlation	within	the	FW	field.
Fig. 7.3 (4):  The stratigraphic low order correlation of RB, FM, EK and FW build-
ups shows the sequence development of Cycles I - VI (Oligocene to late 
Miocene) carbonates within the Central Luconia Province. The Cycles 
I-II carbonates shown in RB-1 well are time equivalent with the Suai, 
Subis, Bekenu and Upper Unit of the Batu Gading Limestones.
Fig. 7.4 (1):  Well-to-well correlation of various orders of sequence boundary (SB) 
and	maximum	flooding	(MF)	surfaces	in	the	FM-2	cores.
Fig. 7.4 (2):  Well-to-well correlation of various orders of SB and MF surfaces as ob-
served in the EK-2 and EK-3 cores.
Fig. 7.4 (3):  Well-to-well correlation of various orders of SB and MF surfaces as ob-
served in the FW-1 and FW-2 cores.
Fig.	7.5	 The	δ13C	and	δ18O	isotope	profiles	in	Wells	EK	-	3	and	EK	-2	based	on	
bulk sample analyses. The actual isotope data are shown in Tables 7.2 
and 7.3.
Fig. 7.6 The probable timing of SB A through G and MFS A through G identi-
fied	in	the	EK,	FM	and	FW	carbonate	successions	and	supported	by	Sr	
isotope. The chronostratigraphic chart and eustatic curve are taken from 
Haq et al. (1986).
Fig. 7.7 Correlation of high order sequence boundary surfaces of wells from dif-
ferent buildups. Some higher order surfaces are not very well correlated.
Fig. 8.1  Whole rock analysis of sample from the Batu Gading, Suai and Subis 
Limestone complexes using X-Ray Diffractometry technique.
Fig. 8.2   Diagenetic sequence of the studied carbonates from onshore Sarawak.
Fig. 9.1  Diffractograms and whole rock composition of various carbonate sam-
ples	from	the	EK	and	FM	fields.
Fig. 9.2  (A) Homogenization temperature of primary aqueous inclusions in 
the drusy calcite (stage Cal-3) and dolomite cement (stage Dol-3) and 
secondary hydrocarbon inclusions in the dedolomite cement. (B) Final 
melting temperature of ice of primary inclusions in the dolomite cement 
(stage Dol-3).  
Fig. 9.3  Plots of 18O and 13C isotope values of the main diagenetic stages.
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Fig. 9.4  Migration of different diagenetic zones within the carbonate succession 
in	the	Central	Luconia	in	response	to	fluctuating	sea-levels.	The	super-
imposition of various diagenetic environments with various diagenetic 
overprints caused a complex diagenesis within the build-up. The effects 
on porosity-permeability trend with subaerial exposures are shown based 
on actual data seen from the wells.
Fig. 9.5 (1a and 1b) The possible dolomitization mechanism in the EK, FM and 
FW	fields.	The	porosity-permeability	trend	as	shown	in	right	corner	is	
based on actual data from FW-1 and FW-2 wells. (2) Possible mecha-
nism for late diagenetic evolution that cause dolomitization, corrosion 
and late calcite cementation. 
Fig. 9.6 Diagenetic sequence of the Central Luconia carbonates.
List of Tables
Table 2.1  The summary of global carbonate systems and variation in reef constitu-
ents	(information	collected	from	different	sources	as	defined	in	the	text).
Table 2.2     Comparison between equatorial, subtropical and temperates carbonates 
    (After Nelson, 1988; James, 1998).
Table 2.3     Basic carbonate infrastructure elements  that are used to characterize the 
    carbonate development sequences (After Handford and Loucks, 1993).
Table 7.1   Facies and facies successions characteristics and interpretation of the
    EK, FM and FW cores from the Central Luconia Province.
Table 7.2 The δ13C and δ18O isotope data from EK-2 and EK-3 wells. 
Table 7.3 The δ13C and δ18O isotope data from EK-2 and EK-3 wells.  
Table 8.1  Summary of the main diagenetic phases and their geochemical charac-
teristics within the Subis Limestone. Note that some of the cathodolumi-
nescent zones were not investigated individually due to very thin com-
positional zonings, therefore, the values represent bulk samples of those 
zones were taken. The 18O, 13C and elemental analysis data represent 
the average values of each diagenetic phase based on measurement of 
several spots per stage or sub-stage of cement.
Table 8.2  Summary of the main diagenetic phases and their geochemical charac-
teristics of the Batu Gading Limestone. Some of the cathodoluminescent 
zones were not investigated individually due to very thin compositional 
zonings, therefore, the values represent bulk samples of those zones were 
taken. The 18O, 13C and elemental analysis data represent the average 
values of each diagenetic phase based on measurement of several spots 
per stage or sub-stage of cement.
Table 8.3  Summary of the main diagenetic phases and their geochemical charac-
teristics of the Suai Limestone. Some of the cathodoluminescent zones 
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were not investigated individually due to very thin compositional zon-
ings, therefore, the values represent bulk samples of those zones were 
taken. The δ18O, δ13C and elemental analysis data represent the average 
values of each diagenetic phase based on measurement of several spots 
per stage or sub-stage of cement.
Table 8.4:  A comparison of diagenetic features observed in different carbonate 
build-ups in onshore Sarawak.
Table 9.1: Summary of the main diagenetic phases and their geochemical charac-
teristics. Note that some CL zones were not investigated individually due 
to very thin compositional zonings, therefore, the values represent bulk 
samples of those zones were taken. The δ18O and δ13C values here are 
presented in the range of maximum and minimum. Elemental analysis 
data represent an average value of each diagenetic phase based on meas-
urement of 8-10 spots per stage or sub-stage of cement.
Table 9.2:  A comparison of diagenetic features observed in different offshore car-
bonate platforms.
List of Plates
Plate 6.1 A close-up view of the Batu Gading  Limestone complex taken at various 
localities.
Plate 6.2 (1) Photomicrographs show various facies and subfacies observed in the 
Lower and Upper Units of the Batu Gading Limestone complex. (A) 
The	Kelalan	Formation	rock	fragments	floating	in	the	nummulitic	lime-
stone. (B) Larger robust nummulitic packstone. (C) Small robust num-
mulitic	packstone.	(D)	Large	flat	nummulitic	packstone.	(E)	Small	flat	
nummulitic packstone. (F) Nummulitoclast packstone/wackestone. (G) 
Foraminifera wackestone. (H) Limestone breccia, and (I) Eulepidina 
dilatata packstone.
Plate 6.2 (2) Common types of larger foraminifera found within the Batu Gading 
Limestone.
Plate 6.2 (3) The examples of photos and photomicrographs showing the general 
characteristics of different facies and subfacies within the Lower Unit 
of the Batu Gading Limestone complex. Row A represents the Subfa-
cies BG-L1a (large robust nummulitic packstone), while rows B and C 
show	Subfacies	BG-L1e	(small	flat	nummulitic	packstone/wackestone)	
and Subfacies BG-L1d (nummulithoclastic packstone), respectively.  
Plate 6.2 (4) Photomicrographs in rows A and D show the internal characteristics of 
different facies and subfacies within the Batu Gading Limestone com-
plex. These facies and subfacies represent deposition in shallow marine 
(shoal/ramp) to deep water (middle to outer open shelf) environments.
Plate 6.2 (5) Photomicrographs in rows E to H show the internal characteristics of 
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different facies and subfacies within the Batu Gading Limestone com-
plex. These facies and subfacies represent deposition in shallow marine 
(shoal/ramp) to deep water (middle to outer open shelf) environments.
Plate 6.2 (6) Photographs and photomicrographs show the general characteristics of 
selected facies and subfacies within the Batu Gading Limestone com-
plex. Rows D, E and F photomicrographs show the characteristics of 
Subfacies	BG-L1e	(large	flat	nummulitic	packstone),	Facies	BG-U2	(Eu-
lepidina packstone), and Facies BG-U6 (Globigerinid wackestone/mud-
stone), respectively. 
Plate 6.3 (1)  Photomicrographs of various facies of the Subis Limestone complex 
suggesting deposition in lagoon, reef core, reef front, fore reef and off 
reef environments.
Plate 6.3 (2) Photos of various facies within the Subis Limestone complex suggest 
deposition in lagoon, reef core, reef front and fore reef environments. 
Plate 6.4 (1)  The close-up views of the Suai Limestone outcrops at different localities.
Plate 6.4 (2)  Photos of outcrops showing various types of lithologies from the Suai 
Limestone complex. (Photos A and B) Thallasinoides-rich sandstone at 
the base of sequence. (Photos C to F) Eulepidina-rich packstone. Thin 
sand bed is also present in Photo E.
Plate 6.4 (3) Major facies and subfacies within the Suai Limestone complex. The fa-
cies	is	dominated	by	flat	Eulepidina-rich facies that grades into matrix-
rich facies with well rounded Lepidocyclina (dominated by Cycloclypeus 
and Spiroclypeus). These facies formed a complete depositional cycle 
within the Suai succession.
Plate 6.4 (4) Photomicrographs show different microfacies within the Suai Limestone 
complex.	At	least	five	facies	were	recognized	within	the	complex	repre-
senting shallow to deep water environments.
Plate 6.4 (5) Photomicrographs show different components of microfossils in differ-
ent facies within the Suai Limestone complex.
Plate 6.5 (1) General overview of the Bekenu Limestone outcrop exposed at Kg Opak. 
The	sequence	is	composed	of	very	fine	laminated	calcareous	mudstones	
and shales. Fossil content indicates deposition within the middle to outer 
neritic/shelf environments.
Plate 6.5 (2) Photomicrographs show different microfacies within the Bekenu Lime-
stone	complex.	The	sediments	are	dominated	by	very	fine		grained	mud-
stone-wackestone with common planktonic foraminifera and silt grains. 
Some samples (i.e B) are completely dolomitized.
Plate 6.5 (3):  Photomicrographs A1 to A4 show the rocks rich in Globigerina and Glo-
boquadrina in Well EN-1, indicating deposition in middle neritic envi-
ronment. (B1 to B2) Microfacies observed in Well RB-1. (C1 to C4) 
Microfacies observed in Well SU-5. (D1 to D4) Eulipidina dilatata fa-
cies is also found in Well SB-2, similar to the one observed in the Suai 
Limestone complex.
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 Plate 7.1 (1):  The main facies observed in the FM, FW and EK carbonate cores from 
the Central Luconia Province, offshore Sarawak. (A) Reef crest or upper 
reef front. (B)  middle reef front. (C) lower reef front facies. (D) back 
reef and lagoon deposits. (E) slope. (F) offreef environments.
Plate 7.1 (2):  The facies types observed in the FM, FW and EK carbonate cores. (A) 
Facies	CL3	:	Rhodolith-Algal	floatstone/rudstone	(slope	environment),	
(A1) Possible margin of lower slope, (A2) Possible margin of middle 
slope and (A3) Possible open semi-restricted platform. (B) Facies CL-4 
: Amphisteginid-foraminiferal packstone (offreef environment), (C) Fa-
cies CL-5 : Larger foraminiferal packstone/grainstone (fore reef environ-
ment), (D) Facies CL-7 : Globigerinid wackestone (open deep marine 
environment). (E) Facies CL-8 : Limestone breccia, and (F) Facies CL-9 
: Mixed clastic-carbonate (inner neritic/shelf environment).
Plate 7.1 (3):  General overview of the reef core, upper, middle and lower reef front 
facies (Facies CL-1 Coral framestone) and their skeletal components as 
seen in the EK, FW and FM build-ups. Platy coral always contains high 
percentage of argillaceous materials. Massive corals are mainly Porites.
Plate 7.1 (4)  Microscopic views of the back reef, lagoon and patch reef (Facies CL-2) 
showing the skeletal components observed in the FM, FW and EK cores. 
Note that Miliolids are quite common in the samples.
Plate	7.1	(5)		 Microscopic	 views	 of	 Facies	 CL-3	 (Rhodolith-Algal	 floatstone	 /	 rud-
stone) show the skeletal components of this facies. Red algae, small ben-
thics and larger foraminifera are common.
Plate 7.1 (6)  Microscopic views of the possible upper, lower and slope margin depos-
its seen in the FW, FM and EK cores.
Plate 7.1 (7)  The general view of the fore reef deposits (Facies CL-4 and CL-5) and 
their fossil contents. The samples contain abundance of red algae.
Plate	7.1	(8)		 General	and	microscopic	views	of	Facies	CL-6	(Staked	floatstone	/	rud-
stone) show the main constituents within this rock type. This lithofacies 
contains abundant benthic foraminifera.
Plate 7.1 (9)  General and microscopic views of Facies CL-7 (Globigerinid wacke-
stone) show the main skeletal components within the rock type. This 
lithofacies contains abundant Globigerina and Orbulina, indicating dep-
osition in deeper water (middle neritic environment).
Plate 7.1 (10)  General microscopic overview of Facies CL-9 (Mixed clastic-carbonate) 
that can be seen at the base of EK build-up. This lithofacies contains ad-
mixture of skeletal and non-skeletal grains.
Plate 7.1 (11)  The nature of sequence boundaries and discontinuity surfaces observed 
in the EK, FW and FM cores. These sequence boundaries were used as a 
basis to correlate high order sequences.
Plate 7.1 (12) The evidence of subaerial exposures in EK-2, EK-3 and FM-2 cores. 
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(A) Relict root tubules of small calcitic rings in EK-3 cores. (B) Similar 
calcitic root tubules also occur in Well EK-2 cores. (C ) Another root tu-
bules that already been cemented by calcite cement. (D) An example of 
terra rossa texture found in Well FM-2 cores. 
Plate 8.1 (1)  (A) A close-up view shows intergranular pores that have been complete-
ly	filled	by	equant	calcite	cement.	(B)	The	Nummulite that has been cut 
by a thin calcite vein. Quartz (Q) is also present in many samples. (C) 
Bioclasts truncated by stylolites (S) and cut by thin calcite veins. Note 
also the presence of small quartz crystals in between the bioclasts. (D) 
Pyritized foraminifera (P) and matrix with many quartz (Q) grains. A 
vein cuts through the area. (Sample: Batu Gading Limestone).
Plate 8.1 (2)   Photomicrographs show : (A) Intergranular pores that have been com-
pletely obliterated by late Fe-rich calcite cements. (B) Solution enlarged 
pores that have been completely occluded by several phases of late Fe-
rich calcite cements. (C) Early and late Fe-calcite cements that have 
obliterated the pores. Bladed and blocky calcite also surrounds the quartz 
grains (Q). (D) Different stages of blocky calcite and Fe-calcite cements 
that have completely obliterated the pore spaces. (Sample: Batu Gading 
Limestone).
Plate 8.1 (3)  (A) A large vein that cuts across bioclasts and intergranular cement of 
the	host	 rock	 that	has	been	 later	 infilled	with	various	stages	of	calcite	
cements.	(B)	Coral	geopetals	have	been	dissolved	and	filled	with	vari-
ous stages of calcite cements. (C) Matrix that consists predominantly of 
mud/micritic peloids. (D) An accumulation of fecal pellets probably due 
to burrowing activities. The pellets consist of brown isotropic materials 
that possibly contains high phosphate. (Sample: Subis Limestone).
Plate 8.1 (4)  (A) Photomicrograph shows heavily encrusted bioclasts that have been 
extensively	bored	with	fine	disseminated	pyrite	filling	the	borings.	(B)	
Foraminifera	and	small	allochems	floating	 in	 the	matrix	 that	has	been	
cemented by various stages of cements. (C) Vugs formed by dissolution 
of	a	coral	fragment	that	have	been	partially	infilled	with	dolomite	and	
then by calcite cement (stained pink), leaving minor open space at the 
centre of the vug (blue resin). (D) A close-up view shows the vug that 
has	been	filled	with	dolomite	and	calcite	cements.	The	dolomite	evolved	
with dirty appearance, followed by clean dolomite crystals. (Sample: 
Suai Limestone).
Plate 8.1 (5)   Photomicrographs showing (A) The matrix that has been replaced and 
cemented by late ferrous calcite and ferrous dolomite. (B) Solution en-
larged pore that has been completely obliterated by large poikilotopic 
calcite cement. (C) The pores in between the bioclast fragments that have 
been completely cemented by late ferrous-rich calcite. (D) Intergranular 
pores that been completely occluded by late ferroan-rich calcite cements.
     (Sample: Suai Limestone).
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Plate 8.2 (1)  Plates A and A1 show an early cement within the foraminiferal cavity 
that contains stages C1 and C2 (non-luminescent, bright luminescent, 
dull and bright luminescent) and stages C4-C5 calcite cements (non-
luminescent). (B and B1) The early substages C11 and C12 are better 
developed in this sample but substages C13 and C14 are missing. The 
intergranular	pores	are	finally	infilled	with	stages	C4-C5	calcite	cements.
(Sample: Batu Gading Limestone).
Plate 8.2 (2)  Plates A and A1 show an echinoderm fragment surrounded by syntaxial 
overgrowth cement with well developed sectorial zonings (as shown by 
alternation of non-luminescence, dull, bright, dull, non-luminescence 
and bright luminescent colours), followed by stages C2, C3 and C4-C5 
calcite cements. Thin veins of non-luminescent quartz (Q) cut the ear-
lier	cements.	(B	and	B1)	Initial	pores	are	partly	filled	by	recrystallized	
carbonate	matrix		(finely	granular	texture).	Remaining	volume	is	filled	
with calcite cement that grew inward from matrix and bioclast surfaces 
with no apparent discontinuities in growth texture. (Sample: Batu Gad-
ing Limestone).
Plate 8.2(3) Plates A and A1 show a non-luminescent stages C4-C5 calcite vein that 
cuts	bioclast	(foraminifera)	with	an	internal	chamber	filled	by	pre-vein	
zoned calcite cement. This local and discontinuous vein was formed by 
fracturing before being cemented by the calcite cements. (Plates B and 
B1) A large Nummulite that has been cut by a thin non-luminescent vein 
and	later	infilled	with	stages	C4-C5	calcite	cements.	This	vein	is	later	cut	
by a younger dull to moderately bright luminescent stages C6-C7 calcite 
cements. Note the presence of quartz (Q) in the sample. (Sample : Batu 
Gading Limestone).
Plate 8.2 (4)  Cathodoluminecent views show various stages of calcite cements. (Plates 
A and C) Multiple compositional zonings of pendant/meniscus cements 
(stage C2) that grew along the bioclast fragments. (B) Stages D1 and D2 
dolomites that precipitated along the stylolites indicating the dolomitiz-
ing	fluids	used	stylolite	as	a	conduit	for	migration.	(D)		Microstylolites	
along the allochem boundaries due to chemical compaction. (Sample: 
Batu Gading Limestone).
Plate 8.2 (5)  (Plates A and A1) Photomicrographs show the substages C11 and C12 
of the early calcite cements are well developed and outlining the skel-
etal tests. However, the subsequent substages C13 and C14 cements are 
missing. They are followed by stages C4-C5 and C6-C7 calcite cements. 
(Plates	B	and	B1)	The	remaining	pores	within	the	chamber	are	infilled	
with stages C4-C5 calcite cements. (Sample: Suai Limestone).
    
Plate 8.2 (6) (Plates A to D) Cathodoluminescence photomicrographs show the mi-
cro-dolomite sucrosic texture (stage D-1) within the Suai and Batu Gad-
ing Limestone samples. This sucrosic texture is similar to the stage Dol-2 
dolomite seen in the Central Luconia but with different geochemical and 
isotopic characteristics. (Sample: Suai Limestone).
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Plate 8.2 (7)  (Plates A and A1) Photomicrographs show better developed stages C4-
C5 and C6-7 calcite cements within the gastropod chambers. The earlier 
stage C1 (C11– non-luminescent) cement is still well preserved within 
the samples. (Plates B and B1) The presence of stages C4 and C5 calcite 
cements. Very bright orange luminescent colour indicates the neomor-
phosed micrite and minor dolomite within the matrix. (Sample: Subis 
Limestone).
Plate 8.2 (8)  (Plates A and A1) Photomicrographs show stages C4-C5 and C6-C7 cal-
cite cements within the large veins. Note the minor dolomite which is not 
fully developed that occurs within the calcite cements. (Plates B and B1) 
Better	developed	stages	C4-C7	calcite	cements	that	filled	the	vugs	and	
fractures.  (Sample: Subis Limestone).
Plate 8.2 (9)  (Plates A and A1) Photomicrographs show dolomite cement with rhom-
bic	crystal	morphology	 that	 infilled	 the	vein.	The	dolomite	has	devel-
oped in four substages and characterized by dull/non-luminescent (D12) 
luminescent (D12), non-luminescent (D13) and bright luminescent (D14) 
colours. These dolomites have replaced the early stages C4-C5 calcite 
(non-luminescent). (Plates B and B1) Similar features as observed in A 
and A1. (Sample: Subis Limestone).
Plate 8.2 (10)  Cathodoluminescence photomicrographs show the distribution of non-
ferroan (stage D-1) and ferroan stage D-2 dolomites. (B) Stages D-1 and 
D-2 dolomites precipitated along the fractures/stylolites indicates the 
dolomitizing	fluids	used	the	fractures	/stylolites	as	a	conduit	for	migra-
tion pathway. (C) Various stages of calcite cements. (D) Euhedal long 
calcite crystal that grew inwards into the pore space within the solution 
vugs, followed by the subsequent non-luminescent equant calcite cement 
that obliterated the remaining pore spaces. (Sample: Subis Limestone).
Plate 8.2 (11)  Plain polarized light (Plates A and B) and cathodoluminescence (Plates 
C and D) photomicrographs show the distribution of rhombic dolomites 
within the limestone samples. (Sample: Batu Gading Limestone).
Plate 8.3 (1)  (A) The SEM photomocrograph shows the matrix with very little poros-
ity. (B) Illustrates dissolution of carbonate cement (stages C4 to C5) as 
shown by white arrow. (C) The carbonate mud consists of homogeneous 
microcrystalline calcite. (D) An authigenic framboidal pyrite (py) is an 
indicative of reducing environment that may associate with the decom-
position of organic matter. (Samples: Batu Gading Limestone).
  
Plate 8.3 (2)  (A) The SEM photomicrograph shows wackestone matrix with poor po-
rosity. (B) Extensive dissolution occurs in stages C4 to C5 calcite ce-
ments. (C and D) Microcrystalline calcite is present on grain surfaces (C) 
and matrix (D). (Samples: Suai Limestone).
Plate 8.3 (3)  (A) The SEM photomicrograph shows vugs or fractures that have been 
partly	filled	with	dolomite	cements.	The	enclosing	matrix	(Plates	B	and	
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C) is mainly calcite. (D) Microcrystalline calcites are very well devel-
oped within the sample. (Samples: Subis Limestone).
Plate	9.1	(1)		 (A)	Photomicrograph	shows	a	large	bio-mouldic	pores	infilled	with	non-
ferroan	drusy	calcite	(stage	Cal-3).	The	fibrous	(stage	Cal-1)	and	drusy	
calcite  (stages Cal-2 and Cal-3) cements have occluded the pore spaces. 
(B) Dolostone with bioclastic relicts of the original limestone texture 
such as red algae and echinoderm fragments. Dolomite overgrowth ce-
ment	 (stage	Dol-3)	 fills	 up	 secondary	 solution	 porosity	 and	 occurs	 as	
overgrowth of dolomitized echinoderm fragments. (C) Large vuggy pore 
space occluded with non-ferroan drusy calcite (stage Cal-3). Sparse crys-
tals of euhedral replacement dolomite postdate the calcite cement. (D) 
Dolostone with abundant secondary solution porosity and patches of cor-
roded calcite cements. The occurrence of enlarged intracrystalline pores 
among the dolomite crystals, it is likely that the corrosion event occurred 
after the dolomitization.
Plate 9.1 (2)  (A) Photomicrographs show the evidence of secondary dissolution that 
enhanced pore spaces within both calcite (stage Cal-3) and dolomite 
(stage Dol-3) cements. The leaching event might have occurred after the 
calcite cementation and dolomitization. (B) The presence of a minor in-
termediate stage of ferroan calcite (stained purple of Cal-5) between the 
dominant non-ferroan calcite cements (stages Cal-3 and Cal-4) (C) Early 
fabric-selective dolomite (stage Dol-1) replaced the red algae fragment. 
It is surrounded by the subsequent stage Dol-2 dolomite. (D) The distri-
bution	of	fine	stage	Dol-2	dolomite	and	subsequent	coarser	stage	Dol-3	
dolomite.
Plate 9.1 (3)  (A) Photomicrograph shows stages Dol-2/3 crystals which are distrib-
uted within the stages Cal-3/4 calcite cements. Euhedral replacement 
dolomite postdates the stage Cal-3 cement. Some of the dolomite crys-
tals show corrosion effects due to a late leaching event (B) A mosaic of 
stage Dol-2 dolomite and the overgrowth dolomite cement (stage Dol-3). 
Some grains have been corroded due to dissolution. (C) Random distri-
bution of stage Dol-2 sucrosic dolomite crystals. Note that some high 
birefringence anhydrite cement (stage Anh-1) with some dissolution ef-
fects. (D) Various stages of dolomite (Dol-1 to Dol-3) cementation, fol-
lowed by late stage Cal-4 calcite cement (stained pink).
Plate 9.1 (4)   (A) Large late stage of saddle dolomite (Dol-4) with interlocking texture 
filled	the	solution	pores.	(B)	Stage	Dol-3	dolomite	cement	grew	from	the	
initial stage Dol-2 dolomite prior to stage Cal-4 cement. Red stained crys-
tals with rhombic habitus of dolomite is interpreted as dedolomite (stage 
Ded-1) due to calcitization of dolomite. (C) Euhedral dolomite crystals 
(stage	Dol-2/4)	that	float	in	the	stage	Cal-4	calcite.	Some	dolomites	are	
partially	leached	due	to	dissolution.	Large	fluorite	crystal	(stage	Flu-1)	
replaced part of the stage Cal-4 poikilotopic cement. (D) Large euhedral 
fluorite	crystal	(stage	Flu-1)	precipitated	between	the	stage	Cal-4	calcite	
cements.
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Plate 9.1 (5)  The evolution of dolomites with different textures within the Central Lu-
conia carbonates. (A) Fabric-selective dolomite replaced red algae and 
surrounded by subsequent stage Dol-2 dolomite. (B) Texture of fabric 
destructive dolomite (stage Dol-2). (C) Close up view of Dol-2 dolomite 
with minor overgrowth (stage Dol-3). (D) Similar texture like (C) but has 
been replaced by calcite to form dedolomite (stage Ded-1).
Plate 9.1 (6) (A and B) Stage Dol-2 dolomite with some overgrowth Dol-3 dolomite. 
(C) Overgrowth dolomite crystals (stage Dol-3) that obliterated pore 
spaces. (D) Euhedral to subhedral saddle dolomite (stage Dol-4) with 
interlocking texture within the solution pores.
Plate 9.1 (7)  (A) Euhedral to subhedral saddle dolomite with interlocking texture. 
Late ferroan calcite (stage Cal-5) is also present (stained purple). (B) 
Various stages of dolomite (Dol-1 to Dol-3), followed by poikilotopic 
calcite cement (stage Cal-4). (C) Well distributed Dol-2 dolomite. Note 
the presence of high birefringence Anhydrite (stage Anh-1) cement asso-
ciated with the dolomite at the lower section of EK-2 well. (D) The pres-
ence of stages Dol-2 and Dol-3 dolomites, poikilotopic calcite cement 
(stage	Cal-4)	and	a	large	euhedral	fluorite	crystal.
Plate 9.1 (8)  Matrix that has been replaced by late ferroan-rich calcite. Parts of the 
foraminifera have also been replaced by late iron-rich calcite. (B) Late 
iron-rich calcite that bridging the solution pore within the limestone. (C) 
Dirty appearance calcite (stage Cal-3), followed by a very clean calcite 
cement (stage Cal-4) that grow vertically into pore spaces. (D) Bioclast 
and  part of the matrix have been partially pyritized.
Plate 9.1 (9)  (A) Layered travertine and multiple phase scalenohedral calcite cements 
that possibly cemented the cave openings. (B) Stages Dol-2 and Dol-3 
dolomites are well developed prior to precipitation of late stage Cal-4 
calcite	cement.	(C)	Organic	matters	filled	high	amplitude	stylolite.	The	
porosity is also good along the stylolite.
Plate 9.1 (10) The evidence of subaerial exposures in EK-2, EK-3 and FM-2 cores. 
(A) Relict root tubules of small calcitic rings in EK-3 cores. (B) Simi-
larcalcitic root tubules also occur in Well EK-2 cores. (C ) Another root 
tubules that already been cemented by calcite cement. (D) An example of 
terra rossa texture found in Well FM-2 cores.
Plate 9.2 (1) (Plates A and A1) Photomicrographs show abundant intraparticle, bio-
mouldic	 and	 solution	 enlarged	porosity	filled	with	non-ferroan	bladed	
to drusy-equant calcite cements (stages Cal-1 and Cal-2 with some sub-
stages). These cements show compositional zonings as shown by dif-
ferent luminescent colours. (Plates B and B1) Photomicrographs show 
non-ferroan equant to drusy calcite cements (stages Cal-2 and Cal-3) that 
filled	up	interparticle	pore	spaces.
Plate	9.2	(2)		 (A)	 Photomicrograph	 shows	 secondary	 solution	 porosity	 filled	 with	
drusy calcite cements (stages Cal-3 and Cal-4). The stages Cal-3 and 
Cal-4 cements are characterized by dirty and clean appearance, respec-
tively. (A1) The same view under cathodoluminescent shows multiple 
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zonings of stages Cal-3 and Cal-4 cements. (B) Photomicrograph shows 
vuggy	pores	that	have	been	filled	with	non-ferroan	drusy	calcite	cement	
(stage Cal-3 with dirty appearance and stage Cal-4 with clear appear-
ance). Under cathodoluminescent view, these cements show multiple 
sub-stage and compositional zonings.
Plate 9.2 (3)  (Plates A and A1) Photomicrographs show non-ferroan drusy calcite ce-
ment	(stage	Cal-3)	fills	up	a	modified	mouldic	pore	space.	The	first	zone	
is non luminescent (Cal-33), the second zone is dull luminescent (Cal-34) 
and the third zone is moderately bright luminescent (Cal-35). Scattered 
crystals of euhedral replacement dolomite (stage Dol-23) clearly postdate 
this calcite cement. The dolomite shows a concentric zonation with a 
non-luminescent nucleus overgrew by a dull luminescent zone, and fol-
lowed by an outer narrow bright luminescent zone (Dol-31-4). (Plates B 
and	B1)	Photomicrograph	shows	secondary	solution	pores	are	filled	with	
non-ferroan drusy calcite (stage Cal-3). (B1) Under cathodoluminescent 
view, the cement shows a complex zonation pattern.
Plate 9.2 (4)  (A) Photomicrograph shows non-ferroan drusy calcite cement (stage 
Cal-3/4)	that	filled	up	modified	geopetal	pores	of	coral	fragment.	(A1)	
Under cathodoluminescent view, these cements show concentric zona-
tion patterns. (B) Fabric selective dolomite (stage Dol-1) on red algae 
and fabric destructive replacement dolomite (stage Dol-2) rhombs (B1) 
Under cathodoluminescent, the fabric selective stage Dol-1 dolomite in 
red algae is characterized by dull luminescent properties. The fabric de-
structive replacement dolomite (stage Dol-2) is characterized by dull lu-
minescent colour with very narrow hairline moderately bright zones.
Plate 9.2 (5)  (A) Photomicrograph shows fabric destructive dolomite (stage Dol-2) 
with vuggy pores cemented by calcite. The rhombic habits of  the dedo-
lomite crystals are marked by pinkist stained. (A1) The dedolomite (stage 
Ded-1) is characterized by dull luminescent properties. (B) A later stage 
of fabric destructive replacement dolomite (stage Dol-3) is associated 
with secondary solution porosity (blue areas) that partially dissolved the 
limestone precursor. Note that the stage Ded-1 has the same texture as 
dolomite but stained pinkish. (B1) Under cathodoluminescent view, this 
dolomite shows a dull appearance with the younger or outer rim charac-
terized by a bright reddish luminescent.
Plate 9.2 (6)  (A) Photomicrograph shows a highly porous dolostone consisting of 
fabric selective microdolomite (stage Dol-1), fabric destructive dolo-
mite (stage Dol-2) and later phase of overgrowth dolomite (stage Dol-
3). Some foraminifera are replaced by pyrite. (A1) Under cathodolumi-
nescent, the replacement dolomites show pattens ranging from dull to 
moderately bright luminescent. The stage Dol-3 dolomite cement shows 
a bright reddish luminescent. (B) Photomicrograph shows a higher mag-
nification	view	from	the	above	sample.	The	fabric	destructive	dolomite	
(stage Dol-3) postdates the non-ferroan drusy calcite (stage Cal-3). (B1) 
Under cathodoluminescent, the stage Cal-3 cement is dull orange lumi-
nescent (Cal-32) while the stage Dol-3 dolomite shows concentric faint 
zones alternating moderately bright and bright luminescent (Dol-31-4). 
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Some crystals show an outer rim of bright reddish luminescent (similar 
to late stage Dol-3 above).
Plate 9.2 (7)  (A) Photomicrograph shows both fabric destructive dolomite (stage Dol-
2) and later phase of overgrowth dolomite (stage Dol-3). The replace-
ment dolomite is mainly moderately bright luminescent with patches of 
brighter luminescent. The stage Dol-3 dolomite cement shows a bright 
reddish luminescent. (B) Photomicrograph shows a tight dolostone with 
densely packed euhedral to subhedral of fabric destructive replacement 
dolomite (stage Dol-3). (B). Under cathodoluminescent, dolomite crys-
tals show a concentric zonation pattern with three main zones.
Plate 9.3 (1)  SEM photomicrographs show : (A) Micrite with rounded and subrounded 
morphology indicative of corrosion associated with leaching. (B) Micrite 
and spars show anhedral and subhedral crystals with coalescent contacts. 
(C) Non-ferroan drusy calcite cement (stage Cal-3) with holes indicative 
of leaching. (D) Finely crystalline equant calcite crystals that have been 
extensively corroded due to dissolution. 
    Well : EK-1; Depth : 6269 ft.
Plate	9.3	(2)		 (A)	Non-ferroan	drusy	calcite	cement	(stage	Cal-4)	that	filled	up	a	vuggy	
pore space. Crystal size increases towards the centre of the pore. (B) Fab-
ric selective dolomite (stage Dol-1) texture on allochem. Microcrystal-
line dolomite replaced the precursor calcite whilst preserving the origi-
nal structure. (C) Euhedral crystals of fabric destructive dolomite (stage 
Dol-2) replacing a micritic precursor. (D) Another example of fabric de-
structive dolomite (stage Dol-2) that replaced micrite. 
Plate 9.4 (1)  BSEM photomicrographs display : (A) Isopachous (stage Cal-1) and 
bladed (stage Cal-2) calcite cements that grew on skeletal test walls. (B) 
The texture of stages Cal-2 and Cal-3 calcite cements. (C) Drusy cal-
cite cement (stage Cal-3) is well developed within the solution vugs. 
(D) Fabric selective microdolomite (stage Dol-1) that replaced red algae 
fragment. Fine sucrosic dolomite (stage Dol-2) crystals are also seen. 
    Well : EK-2  Depth : 6509.8 ft.
Plate 9.4 (2)  BSEM photomicrographs display : (A) Fabric selective microdolomite 
(stage Dol-1 that replaced red algae) and well developed sucrosic dolo-
mite (stage Dol-2). (B) Euhedral to subhedral stage Dol-2 dolomite oc-
casionally with the overgrowth stage Dol-3 dolomite cement. (C) Stage 
Dol-2 with some overgrowth stage Dol-3 dolomite crystals that have 
been partially leached due to extensive dissolution. (D) A close up view 
shows the dolomite crystals that have been partially corroded.
    Well EK-1 Depth : 6509.8 ft
Plate	9.5	(1)		 (Plates	A	and	B)	Photomicrographs	show	primary	aqueous	fluid	inclu-
sions in non-ferroan drusy calcite cements (stages Cal-3 and Cal-4). The 
cement occludes secondary solution pores such as  mouldic and vuggy. 
Both	 two-phase	 (2P)	 and	 all-liquid	 (AL)	 fluid	 inclusions	 are	 present.	
Two-phase inclusions show moderately consistent liquid/vapour ratio. 
The V-shaped distribution of the inclusions is observed. This shape mim-
ics the crystal boundary and therefore is indicative of entrapment during 
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crystal growth. The occurrence of all-liquid inclusions indicates a tem-
perature of entrapment below 50°C. (Plates C and D) Photomicrograph 
shows a solution enlarged-biomouldic pore space occluded with non-
ferroan drusy calcite cements (Cal-3 and Cal-4). These cements contain 
two-phase aqueous inclusions (2P) and all-liquid aqueous inclusions 
(AL). All-liquid inclusions are indicative of low temperature entrapment 
below 50°C. Photomicrograph D shows dolomite cement with primary 
two-phase	fluid	inclusions	(2P).
Plate 9.5 (2)  (Plates A and B) Photomicrographs show two-phase (2P) primary aque-
ous inclusions in the dolomite cement (stage Dol-3). The inclusions are 
characterized by a moderately consistent liquid/vapour ratio. These in-
clusions were trapped at elevated temperature from an homogeneous 
liquid.	 Fluid	 inclusion	 microthermometry	 analysis	 confirms	 that	 in-
clusion entrapment occurred at high temperature (Th=120-130°C).
(C)	 Photomicrograph	 shows	 fluid	 inclusions	within	 stage	Dol-2	 crys-
tal. Most of the inclusions range in size from 1 to 3 microns and they 
are relatively too small for analysis. The larger inclusions are all liq-
uid indicating low temperature of entrapment. (D) Photomicrograph 
shows secondary oil inclusions within dedolomite (stage Ded-1) crys-
tals.	 The	 inclusions	 are	 colourless	 under	 transmitted	 light	 and	 fluo-
resce under UV light indicative of hydrocarbon content. The distri-
bution of the inclusions along lines cutting across the crystal bounda 
ries is indicative of secondary entrapment after the crystal growth was 
completed.
Plate 9.5 (3)  Photomicrographs show secondary oil inclusions within dedolomite 
(stage Ded-1) crystals. The inclusions are colourless under transmitted 
light	(Plates	A	and	C)	but	fluoresce	under	UV	light	(Plates	B	and	D)	in-
dicative of hydrocarbon content. The distribution of the inclusions along 
lines (Plate A), that cut across the crystal boundaries indicative of sec-
ondary entrapment after the crystal growth was completed.
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Chapter 1
Introduction
1.1 Thesis Rationale
The Miocene carbonate buildups of the Central Luconia Province, offshore 
Sarawak (Fig. 1.1) are the hosts to more than 45 Tscf of gas. Petroleum exploration and 
development within the equatorial carbonate-prone area of the Sarawak Basin, most 
notably the Central Luconia Province, has been active since the 1970’s (Fig. 1.1). The 
continued future success of exploration and development of the Miocene carbonates in 
this area will depend, in part, on improving on our understanding of these reservoir rocks, 
especially their thickness, distribution, internal architecture, sequence development 
history, and the evolution of reservoir properties.
Over 200 isolated Miocene carbonate build-ups, with variable dimensions and 
morphologies, have been seismically mapped in offshore Sarawak, of which 85 have 
been drilled and tested (c. 75% gas-bearing). Some aspects of these carbonates have been 
studied previously (Epting, 1980, 1989; Vahrenkamp, 1996, 1998; Zampetti et al., 2003, 
2004; Masafero et al., 2003; Bracco Gatner et al., 2004). However, our understanding of 
the regional controls on carbonate development and distribution, detailed sedimentology, 
and reservoir diagenesis is limited. Only cursory work has been done so far on the 
sedimentology (Epting, 1980; Ali, 1993) and diagenesis (Ali, 1993; Warrlich et al., 2005; 
Taberner et al., 2005; Zampetti et al., 2004) of the Central Luconia carbonate buildups. 
Even fewer studies have been conducted on the equivalent 224 build-ups in onshore 
Sarawak (Gendang et al., 2006), which focused on the general stratigraphy of the Batu 
Gading and Mulu Limestones (Adams and Haak, 1962; Haile, 1962; Adams, 1965). This 
is partly due to the fact that the onshore area is remote, often covered by thick tropical 
vegetation, and is difficult to access by road. No previous work has attempted to study both 
offshore and onshore carbonates in an integrated manner. Hence, this study aims to focus 
on the relationship between the factors that controlled carbonate development, internal 
architecture and facies variability within the different build-ups across the Sarawak Basin.
Carbonate growth of the equatorial carbonates is greatly influenced by two major 
controls: regional tectonics and eustatic sea-level changes (Wilson, 1999; Drzewiecki 
and Simon, 2000; Fulthorpe and Schlanger, 1989; Montaggioni and Faure, 1997). The 
tectonics that control subsidence, uplift, faulting, and tilting have also influenced local 
sea-level changes and strongly affected facies variability, stratal geometry, sequence 
development and carbonate growth and demise. The latter is particularly evident in build-
ups along the palaeo-shelf margins, which were subject to increased syn-sedimentary 
structural movement. A good match between the stratigraphy and global sea-level curves 
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(Haq et al., 1987) suggests that eustacy was a major controlling mechanism in carbonate 
development. Hence, a sound understanding of the regional controls on these carbonate 
platforms is a pre-requisite for carbonate reservoir prediction. In addition, the evaluation 
of the carbonate successions can help determine the timing of tectonic events, rates of 
movement, and the dynamic interplay of all factors influencing marine sedimentation 
(Wilson, 2002). 
The Sarawak Basin (Fig. 1.2) provides an ideal area to study the interplay of 
tectonic and structural evolution, eustatic sea-level changes and other controlling factors 
in relation to Cenozoic carbonates. The basin represents an extensional-compressional 
regime with many tectono-stratigraphic provinces, each with different tectonic histories. 
A ninety-degree rotation of the shelf-edge during the early Miocene provides an excellent 
avenue to study the effects of shelf-edge movement on carbonate distribution. Excellent 
regional subsurface data, offshore and onshore well control, and outcrops with different 
biota systems all provide additional motivation to conduct this research. 
At the reservoir-scale, heterogeneity and stratigraphic compartmentalization are 
critical, especially for those build-ups (i.e B11) located along the boundary between 
the Central Luconia and the Baram Delta Provinces. In this area of deltaic progradation 
influenced reservoir variability, seal integrity and dynamic behaviour of producing wells 
(Coca et al, 2006). In this B11 build-up, a less permeable zone with an average core plug 
permeability of 0.1 mD can act as a barrier to gas flow (Coca et al, 2006). Therefore, the 
effects of eustatic sea-level changes in influencing the rate of carbonate growth, erosion, 
stratal geometry and depositional environments that ultimately impacted the reservoir 
property distribution and production have to be established. Similarly, understanding 
the complex horizontal and vertical heterogeneity and reservoir architecture is critical 
in predicting field performance. Analogue studies of the build-ups with different biota 
systems may help to reduce some of these production uncertainties for future field 
development projects.
The Central Luconia carbonate reservoir quality has been impacted by 
dolomitization, which was initially interpreted to have occurred in hypersaline lagoons 
during early diagenesis (Epting, 1980; Ramli and Ho, 1982; Warrlich et al., 2005). 
However, the absence of anhydrite and facies indicative of high temperature conditions, 
such as those found in sabkha environments, weakens this interpretation. The carbonate 
rocks in the Central Luconia have also undergone a complete properties reversal due to 
diagenesis. For example, mud-rich packstone and wackestone, and clay-lean mudstone 
were extensively dolomitized, which selectively enhanced their porosity and created better 
reservoir quality. Grainstone and mud-lean packstone with original aragonitic constituents 
tend to display poorer reservoir quality, except within those intervals immediately 
below sub-aerial exposure surfaces. Skeletal mouldic porosity is a diagenetically late 
development in originally calcitic constituents. Over-dolomitization and late calcite 
cementation also locally affected the layered reservoir pattern (Epting, 1980). 
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Recent observations indicate that the Central Luconia offshore carbonate rocks 
have been selectively dolomitised and corroded. This could reflect the migration of 
deep-burial fluids (Warrlich et al., 2005; Taberner et al., 2005) or hydrothermal fluids 
(Zampetti et al., 2004), as proposedin the Bombay Highl (Esteban et al., 2003). The 
formation of mixed waters from deep seated aquifers may cause preferential dissolution 
and dolomitization of the mud-supported facies between the end of pressure dissolution 
and immediately before oil-charge (Warrlich et al., 2005; Taberner et al., 2005). Based 
on petrography and isotope data, both dolomite and calcite were interpreted to have been 
precipitated from these late mixing diagenetic fluids (Warrlich et al., 2005). By implication, 
this throws doubt on the early diagenetic origin of dolomite and the preservation of early 
diagenetic porosity in Central Luconia carbonates (Epting, 1980). Hence, further research 
is therefore required to establish the most likely hypothesis to explain the dolomitization 
and diagenetic evolution of the Central Luconia carbonates. In contrast, diagenesis of the 
onshore carbonates is completely unknown.
Understanding the controlling factors on carbonate development in Central 
Luconia requires an integrated analysis of the tectonic evolution,  palaeogeographic 
history, detailed sedimentology and diagenesis in both offshore and onshore areas. A 
detailed diagenetic history is critical to understanding reservoir development and the 
evolution of pore space properties in these carbonates. Hence, an integrated basin- and 
reservoir-scale study is needed, which will contribute to future success in both  exploration 
and production within the region.
1.2 Thesis Aims
The three main aims of this thesis are :
(i) To determine the factors that controlled the growth and distribution of isolated 
carbonate build-ups within the Sarawak Basin.  
(ii) To assess the facies/microfacies and biota systems variability and to establish a 
high order sequence stratigraphic framework and development history for the 
carbonate build-ups.  
(iii) To reconstruct the cementation history and diagenetic evolution, including the 
role of diagenetic fluids in controlling porosity enhancement, and the affects of 
dolomitization on reservoir properties of the carbonate build-ups. 
1.3 Research Scope
 The scope of this research can be divided into three broad categories:
 1.3.1 Factors controlling the carbonate development and distribution
•	 Evaluate the distribution of Cenozoic carbonate build-ups throughout the 
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Sarawak Basin and establish the relationship with regional and/or tectonic 
trends as compiled from previous studies and new interpretations of regional 
seismic lines. 
•	 Identify the critical factors that controlled the carbonate development, 
distribution and internal architecture. 
•	 Update palaeogeographic maps of the Sarawak Basin from the Eocene to 
Pleistocene by integrating offshore and onshore data.
 1.3.2 Sedimentology and sequence stratigraphy of the onshore and offshore
               carbonates
•	 Describe the outcrops and cores in terms of their facies/microfacies and 
biota systems and refine the log correlation in order to establish a sequence 
stratigraphic framework of each build-up. 
•	 Construct depositional and sedimentological models of the onshore Cycles 
I-II (early Oligocene - early Miocene) build-ups based on a detailed analysis 
of (1) the onshore Suai, Subis, Bekenu, and Batu Gading Limestone 
complexes and (2) the offshore Cycles I-V (Oligocene to late Miocene) 
build-ups based on the RB, EK, FM and FW gas-bearing accumulations 
(Fig. 1.3). 
•	 Compare the similarities and differences between the offshore and onshore 
carbonates and consider the wider implication of these interpretations for 
carbonate architecture and reservoir properties prediction.
 1.3.3 Cementation history and diagenesis of onshore and offshore carbonates
•	 Establish a comprehensive diagenetic evolution for the onshore and 
offshore carbonate build-ups by integrating data from petrography, 
cathodoluminescence, SEM, XRD, fluid inclusion microthermometry (FIM), 
stable carbon and oxygen isotopes, Sr isotope, and elemental analysis using 
electron microprobe of different diagenetic phases. 
•	 Investigate the changes in the composition of palaeo-diagenetic and 
dolomitization fluids through time. 
•	 Evaluate the potential late and high temperature diagenetic fluids that 
might be responsible for pore enhancement within the offshore carbonate 
reservoirs and assess the impact of similar fluids on flow unit types and 
production performance.  
•	 Determine the impact of the diagenetic history on reservoir properties 
enhancement and destruction, and identify the major controlling factors on 
reservoir enhancement and destruction. 
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1.4 Thesis Structure
Chapter 2 is a review of the current understanding of equatorial (vs. sub-
tropical) carbonate systems with special emphasis on Southeast Asia, carbonate sequence 
stratigraphic applications, and dolomitization processes and models applied in isolated 
carbonate build-ups. 
Chapter 3 reviews and synthesizes the geological setting, particularly the 
tectonics, geological evolution and stratigraphy of the Sarawak Basin.  
 Chapter 4 describes the materials and methods used in order to achieve the 
research objectives based on the identified scope.
  Chapter 5 provides an assessment of the regional factors that controlled the 
carbonate deposition and distribution within the Sarawak Basin based on an integrated 
analysis of regional seismic and other geological data gathered from the offshore and 
onshore areas. It focuses on isolated carbonate build-ups, notably their thickness, 
distribution, morphology, architecture and growth model. Refined palaeogeographic 
maps of Sarawak are presented, which combine data from onshore and offshore areas. 
  Chapter 6 focuses on the sedimentology, sequence development, and architecture 
of the onshore Batu Gading, Suai, Subis and Bekenu Limestones (late Eocene-early 
Miocene). Various biota systems, facies and microfacies are analysed, interpreted and 
discussed. The calibration with three onshore wells is also established in order to improve 
correlation, interpretation and extrapolation of subsurface carbonates. The absolute dating 
of selected carbonate intervals using Strontium (Sr) isotopes is explained. Depositional 
models of each onshore carbonate build-ups are also established. 
  Chapter 7 addresses the detailed sedimentology and high order sequence 
stratigraphic analysis of the offshore carbonate platforms. The sedimentological 
description of cores, facies analysis and their integration with well-logs and seismic data 
are also presented. Sequence stratigraphic and depositional models of the Cycles I-V 
carbonates are presented.  
  Chapter 8 highlights the results of an integrated diagenetic study of three onshore 
carbonate build-ups using petrography, cathodoluminescence, elemental analysis using 
electron microprobe, scanning electron microscopy (SEM), X-Ray diffractometry (XRD), 
stable carbon and oxygen isotopes, fluid inclusion microthermometry (FIM), and Sr isotope. 
The composition of palaeo-diagenetic fluids and characteristics of different stages of 
carbonate cement are discussed. A new diagenetic history is also established. The impact of 
diagenesis on reservoir quality, including porosity development and destruction, of onshore 
carbonates is also outlined.   
  Chapter 9 presents an integrated diagenetic study of three offshore carbonate 
build-ups. Laboratory analyses are used to characterize the palaeo-fluid systems of 
various calcite and dolomite cements. A new diagenetic history, including evidence for 
late porosity-creation by high temperature diagenetic fluids, is proposed. The overall 
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impact of diagenesis on porosity development and destruction is also discussed.  
  Chapter 10 discusses the implications of this research, including potential 
applications in other equatorial areas. 
  Chapter 11 presents the concluding remarks and recommendations for future 
research.
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Chapter 2
Review of Cenozoic Equatorial Carbonates of 
Southeast Asia
2.1 Introduction
  Cenozoic equatorial carbonates in Southeast Asia are the most extensive in the 
world but remain poorly understood. These warm-water equatorial carbonates occur in a 
wide range of tectonic and depositional settings, and differ from sub-tropical carbonates. 
The limited knowledge of equatorial carbonates has led to multiple interpretations, which 
has impaired our understanding of facies models, sequence development and diagenesis. 
Re-examination of these carbonates is required as they show very distinctive depositional 
systems.   
  This chapter reviews the terminology, morphology and characteristics of 
various carbonates, with emphasis on Cenozoic equatorial carbonates of Southeast 
Asia. It includes a synthesis of sequence development, dolomite formation and 
diagenetic/porosity models. The aim is to provide a framework for the detailed 
description, evaluation and analysis of the carbonate platforms in the Sarawak Basin.
2.2 Overview of the terminology and depositional models
  Three different types of carbonate have been recognized, namely as carbonate 
ramps, rimmed shelves and isolated platforms (Wilson, 1975; Read, 1982, 1985). 
“Carbonate platform” is a general term used to represent these three carbonate types 
(Wilson, 1975; Read, 1982, 1985). Although the humid, isolated platforms are the 
main focus of this thesis, the definitions of other carbonate types are also reviewed for 
comparison and completeness.
  A ramp was originally defined as a 2D depositional surface that is attached to a 
shoreline at one end and which dips progressively into basinal beds at the other (Ahr, 
1973). The Miocene Mallorca Platform in Spain is an example (Pomar, 1996). Ramps have 
gentle slopes (<1o), which are characterised by shallow wave agitated facies in nearshore 
areas and which pass downslope below storm wave base gradually into low energy, 
deeper water areas (Ahr, 1973). The subsequent morphological classification of carbonate 
platforms by Wilson (1975) integrates the carbonate ramp model of Ahr (1973) with major 
offshore banks. This was further developed by Read (1982, 1985) who incorporated facies 
models for different carbonate platforms. The ramp model of Ahr (1973) envisaged a 
uniform slope from shoreline to basin, which was later termed a homoclinal ramp (Read, 
1982; 1985). In contrast, ramps that to have a slope break in deeper water were referred 
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Fig. 2.1: General models of different types of carbonate ramps (After Read, 1985)
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to as distally steepened ramps (Read, 1982). Ramps also exhibit differences in sediment 
production, response to sea level changes, platform architecture, and sedimentation 
patterns (Kendall and Schlager, 1981; Read, 1985; Schlager, 1981). This resulted in Read 
(1985) identifying seven types of ramps: (1) fringing bank, (2) barrier bank, (3) isolated 
shallow ramps and build-ups, (4) ooid-pellet ftringing complex, (5) ooid-pellet barrier 
complex, (6) distally steepened, and (7) swell-dominated, distally steepen ramps (Fig. 
2.1). Inner, middle and outer ramp environments with typical facies characteristics were 
then used as a standard in ramp definition (Burchette and Wright, 1992). Based on the 
Southern Australian Shelf, the inner, middle and outer ramp zones represent 60 m, 60-140 
m, and 140-200 m water depths, respectively (Wright and Burchette, 1996). Ramps were 
initially considered to be typical of passive margins, but are now  known to occur in a 
wide variety of tectonic settings, covering extensional basins, passive margins, foreland 
basins, and cratonic interior basins (Burchette and Wright, 1992). 
  A carbonate shelf is a shallow-water, land-attached platform with a significant 
and abrupt break in slope into deeper water (Wright and Burchette, 1996). A rimmed shelf 
is defined as a shallow platform whose wave-agitated edge is marked by a pronounced 
increase in slope (from a few degrees up to c. 60o) and a rapid increase in water depth 
(Ginsburg and James, 1974). Rimmed shelves contain a semi-continuous to continuous 
rim along the shelf margin, with restricted water circulation in low-energy lagoons on 
their landward sides (Ginsburg and James, 1974). Read (1985) classified five types of 
carbonate rimmed shelves: (1) rimmed shelf accretionary, (2) bypass margin, (3) bypass 
margin escarpment, (4) erosional margin, and (5) shelf deep rim (Fig. 2.2). One margin 
is reef-rimmed (attached or unattached platform), whilst the opposing margin is a ramp 
(Erlich et al., 1993; Bosence and Wilson, 2003). The term ‘rimmed shelf’ is useful in 
describing the morphology of platform margins but is less helpful in describing the overall 
character of a carbonate platform (Bosence, 2005).   
  Isolated or unattached platforms (Fig. 2.3) are located offshore, often basinwards 
of continental shelves. They may be hundreds of kilometers wide, are frequently located 
above rifted continental crust and surrounded by deep water (Read, 1985). Larger isolated 
platforms, such as the Great Bahama Bank, have flat tops where sediment is deposited in 
<10 m water depths (Wright and Burchette, 1993). The platform margin may be rimmed, 
either by reefs or by skeletal sand shoals, while the interior is lower energy and generally 
mud-dominated and with restricted circulation with the open sea. Their margins are 
strongly influenced by the direction of dominant winds and waves and by the strength 
of tidal currents. This results in distinct windward and leeward margins. Some isolated 
platforms are termed atolls, where they have a deeper lagoon and elevated reefal rim. They 
are differentiated from oceanic atolls by the windward or leeward margins (Mullins and 
Neumann, 1979). Oceanic atolls have circular to elliptical plan view shapes (1-130 km in 
diameter) with raised reefal rims and deep lagoonal interiors, especially those developed 
on top of oceanic volcanoes (Read, 1985). The slopes are about 40o, and characterized 
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Fig. 2.2 : General models of different types of rimmed shelve carbonates (After Read, 1985)
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by deep lagoons, which may be floored by calcareous muds and contain high relief reef 
knolls and patch reefs (Read, 1985).
  Early literature used genetic terminologies, such as bioherms, reefs, mounds, 
banks, and build-ups, to describe the isolated carbonate bodies (Troell, 1962; Pray, 1969; 
Philcox, 1970). The bioherm was defined as a mound-like structure that is of strictly 
organic origin (Cummings, 1932), including in situ accumulations of organisms (Nelson 
et al., 1962), or the accumulation of lime mud caused by the growth of organisms that 
may no longer be preserved (Troell, 1962; Pray, 1969). Based on the Cenozoic basins, 
Bosence (2005) identified eight morphological types, named as (1) fault-block, (2) salt 
diapir, (3) subsiding margin, (4) offshore bank, (5) volcanic pedestal, (6) thrust top, (7) 
delta top, and (8) foreland margin.  
  In contrast, the term of ‘reef’ comes from the Old Norse ‘rif’, which means “rib” 
or narrow ridges (Webster’s New Collegiate dictionary, 1956). Reefs can be differentiated 
from other bioherms by their wave-resistant structure (Ladd, 1944). Lowenstam (1950) 
described reefs as the biological potential of frame-building and sediment-binding 
organisms to actively build rigid and wave resistant structures. Newell et al. (1953) and 
others defined reefs as solid structures that are constructed by frame-building organisms 
into rigid masses of limestone, which are surrounded by lower energy sediments. 
  The term ‘bank’ was initially defined as a structure formed by organisms that are 
incapable of raising their substrate, they contained unconsolidated sediment and had low 
angle slopes due to the lack of debris-binding elements (Lowenstam, 1950). In contrast, 
the term ‘build-up’ was defined as a carbonate mass, in which its constituents and fabrics 
differ from adjacent deposits, and which was topographically higher than the surrounding 
sediments (Heckel, 1974). More recently, build-ups or reefs are defined as biologically 
generated accumulations of carbonate that grow upwards from the adjacent seafloor and 
are entities of their own making (Sellwood, 2005). Reefs essentially have unbedded 
construction as each bio-community grows at its own pace. Growing reefs are the main 
carbonate factory within the system and show a distinct vertical succession of ecological 
zones, ranging from initial colonization through to culmination stages. The vertical 
zonation can be related to an upward growth in response to the filling of accommodation 
space during rising relative sea-level. The successions are often vertically stacked, and 
may be separated by subaerial exposure surfaces formed during period of falling relative 
sea-level. 
  Reefs formed adjacent to shorelines are termed ‘fringing reefs’. Barrier reefs 
(offshore reefs that form a physical barrier), are generally elongated  in shape with a 
central lagoon are termed atolls. Lagoons behind barrier reefs may contain patch reefs. 
The fore reef sub-environment is usually dominated by reef-derived debris within the 
drop off area of the reef margin. The reef front rises rapidly from a water depth of 100 m 
or more to shallow water, where coral colonization occurs. Platy corals form stabilizing 
reef foundations in light-restricted waters and give way to colonization by branching 
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Le
ew
ar
d 
M
ar
gi
n 
Re
ef
Ba
ck
re
ef
Re
ef
 fr
on
t o
f W
in
dw
ar
d 
Re
ef
Fo
re
 R
ee
f
W
av
e 
Ba
se
W
in
d
D
ist
al
 O
ffr
ee
f/
O
pe
n 
Sh
el
f
Lo
w
er
 S
lo
pe
U
pp
er
 S
lo
pe
La
go
on
   
   
   
   
Le
ew
ar
d 
slo
pe
   
   
   
   
se
di
m
en
ts
   
   
   
   
 F
ig
. 2
.3
 : 
Th
e 
m
od
el
 o
f i
so
la
te
d 
ca
rb
on
at
e 
bu
ild
-u
p 
an
d 
de
po
sit
io
na
l s
ub
-e
nv
iro
nm
en
ts 
(a
do
pt
ed
 fr
om
 R
ea
d,
 1
98
5)
48 Chapter 2 - Review On Carbonate Systems
corals in clear waters. Massive corals and encrusting algae diversify between wave base 
and the reef crest, where the highest energy zone is impacted by breaking waves. Reef 
flat areas are often exposed at low tides. All reefs show a similar succession in growth 
style (stabilization, colonization, diversification, domination) although the specific 
organisms generating reefs are highly variable (James, 1983). The back reef is a low 
energy environment that is often dominated by carbonate mud generated by the green 
algae (Codiacians and Halimeda). The facies model of Read (1985) remains the most 
widely used for isolated platforms (Fig. 2.3). 
  Out of the seven models of ramps described earlier (Fig. 2.1), five models of 
rimmed shelves (Fig. 2.2) and isolated carbonate platforms (Fig. 2.3) were based on 
tropical examples, where their distributions have been interpreted to depend on biota 
(Read, 1985). Tropical carbonate platforms are characterized by abundant ooids, peloids, 
chlorozoan allochem, hermatypic corals, and aragonite and Mg-calcite mud, with common 
marine phreatic cementation and different organic constituents (Ahr, 1998). In contrast, 
sub-tropical carbonates are dominated by a foramol-bryomol-rhodalgal association, with 
a noteable absence of ooids, peloids and hermatypic corals (Scoffin, 1987; Boreen and 
James, 1993; Nelson et al., 1982; James, 1993; Fornos and Ahr, 1997). Sub-tropical 
carbonates are mainly composed of Mg-calcite to calcite, rare aragonite, and less marine 
phreatic cement (James, 1997). The absence of hermatypic corals explains why modern 
reef-rimmed sub-tropical shelves are absent. Sub-tropical platforms also show different 
sedimentation and accumulation rates. Waxing and waning of Cenozoic reef-rimmed 
shelves in eastern Australia is a direct result of changes from tropical to temperate climate 
(Davies et al., 1989). Phototrophic communities of Photozoan correlate with cycles of reef 
development and demise (James, 1997). Ramps and open shelf platforms are dominated 
by the Heterozoan association. However, it is not known whether ancient heterozoans are 
always indicative of cool water environments (James, 1997). 
  In summary, three main carbonate types have been developed. (1) ramps, (2) 
rimmed shelves, and (3) isolated platforms, with several sub-divisions, as shown in Figs. 
2.1, 2.2 and 2.3. Carbonate facies models of ramps (Ahr, 1973; Read, 1985; Burchette and 
Wright, 1992), rimmed shelves (Wilson, 1975; Read, 1985), and cratonic settings (Irwin, 
1965; Shaw, 1964) have been used to describe and interpret lateral facies relationships in 
ancient carbonate platforms. 
  
2.3 Cenozoic equatorial carbonates 
 2.3.1 Cenozoic equatorial carbonates of Southeast Asia
  The Cenozoic carbonates are widespread throughout Southeast Asia (Wilson, 
2002). Wilson (2002) identified six Southeast Asian carbonate successions based on their 
different geographical and tectonic settings (from west to east): (1) Sumatra, (2) Java 
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and Bali, (3) Borneo and southern South China Sea, (4) Sulawesi, Nusa Tenggara and 
the Moluccas, (5) the Philippines, and (6) Papua New Guinea. Thousands of Cenozoic 
carbonate platforms, representing at least 247 carbonate-dominated formations, have 
been identified within this region (Fig. 2.4). 
  The Cenozoic equatorial carbonates in Southeast Asia developed in various 
depositional and tectonic settings, ranging from passive continental margins through to 
convergent to obliquely convergent plate boundaries (Fulthorpe and Schlanger, 1989). 
In detail this includes the following five tectonic settings: (1) back arc, (2) forearc and 
foreland basins in convergent margins, (3) volcanic arc in intraplate volcanic setting, (4) 
strike slip basins in obliquely convergent margins, and (5) rifted margins (Fig. 2.4). Three 
main carbonate types are recognised : (i) land-attached carbonate shelves, (ii) isolated 
platforms, and (iii) localized ephemeral carbonates are extensively present in Southeast 
Asia (Wilson, 2002). The platform margins vary from rimmed to unrimmed (ramps) 
depending on their reefal framework organisms. 
  Land-attached shelves include mixed clastic-carbonate shelves, fringing or 
barrier reefs and extensive rimmed or unrimmed carbonate shelves (Fig. 2.5). Typically, 
they originally develop as unrimmed shelves, but may evolve into rimmed shelves, as 
demonstrated by the Berai and Paternoster Platforms of Southeast Borneo and also the 
New Guinea Limestone (Wilson, 2002). In equatorial regions, the development of these 
land-attached shelves is controlled by the amount of clastic or volcano-clastic sediment 
supply, climatic variations and sea-level change (Wilson and Lokier, 2003).   
  Isolated platforms are widespread in equatorial regions of Southeast Asia and 
are mostly developed on palaeohighs that were never influenced by major siliciclastic 
or volcanic input (Fig. 2.5; Wilson, 2002). Consequently, these palaeohighs formed 
highly favourable sites for carbonate growth. Corals and foraminifera were dominant 
components during the Miocene, whereas larger benthic foraminifera and coralline algae 
predominated during Palaeogene (Wilson, 2002). Differential subsidence, oceanography, 
relative sea-level changes, landward/leeward effects and variable rates of carbonate 
production may result in asymmetrical carbonate bodies (Vahrenkamp, 1999; Wilson et 
al., 2000). 
  Localized, ephemeral carbonates are also very common in Southeast Asia, 
including small isolated carbonates, bioclastic shoals, isolated pinnacle reefs and patch 
reefs, in a wide range of geological settings. Favourable sites were shallow water faulted 
blocks with abundant light intensity and no clastic input. Narrow shelves bordering land 
areas or volcanic islands also favour localized carbonate sedimentation when clastic 
supply was reduced (Wilson, 2002), although in some equatorial carbonates, there is 
considerable tolerance of clastic influx (Woolfe and Larcombe, 1998).
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 2.3.2 Comparison between equatorial, subtropical and temperate carbonates 
  Warm-water equatorial carbonates display different characteristics to both cool-
water (temperate) and subtropical (arid) carbonates (Table 2.1). Lees and Buller (1972) 
distinguished the warm-water chlorozoan assemblage from the cool-water foramol 
assemblage. Modern warm-water carbonates have been mainly described fron the Bahamas 
and Florida, Persian Gulf, and Belize (Purser, 1973; James and Ginsburg, 1979; Tucker 
and Wright, 1990). More recently, Cenozoic equatorial carbonates in the Mediterranean 
(Franseen et al., 1996), Pacific and Indian Oceans (Camoin and Davies, 1998) have also 
been studied. However, relatively few examples come from the equatorial regions of 
Southeast Asia. 
  The warm-water chlorozoan assemblage of Lees and Buller (1972) typically 
comprises hermatypic corals, calcareous green algae and other marine constituents (eg. 
molluscs, foraminifera, echinoderms, etc). Barnacles and bryozoan are notably rare. Non-
skeletal components of peloids, ooids, and aggregates are dominant within the warm-water 
association but ooids and aggregates are restricted within chlorozoan and raised salinity 
deposits (Lees, 1975). The ‘photozoan association’, which is defined as association of 
benthic particles, that includes skeletons of light-dependent organisms, Heterozoan 
association, and non-skeletal particles (James, 1997), was then used to emphasize light-
dependent biotic components. This heterozoan association occurs in a variety of shallow 
rimmed shelves, open shelves, ramps and reefs, with abundant carbonate muds, common 
marine cementation, micritization, bioerosion, and dominant aragonite and high Mg-
calcite (Wilson, 2002). 
  The Cenozoic equatorial carbonates are dominated by bioclasts, in association 
with micrite and cements. The bioclasts mainly comprise light-dependent skeletons. 
Aragonitic components (scleractinian corals and Halimeda) and high Mg-calcitic 
photozoans (larger benthic foraminifera and coralline algae) may also be common. 
Heterozoan associations form in some tropical shelves due to differences in temperature, 
salinity and nutrient intensity (James, 1997). In Southeast Asia, calcitic organisms, such 
as larger benthic foraminifera and coralline algae, are also dominant. A significant change 
in marine biota is observed towards the end of Palaeogene and at the Eocene/Oligocene 
boundary (Wilson and Rosen, 1998). 
  Non-skeletal grains, such as ooids and aggregates, are generally absent from 
equatorial carbonates. Ooids and aggregates were only present when salinity exceeds 35.8 
o/oo (Wilson, 2002), while the average salinity around the equator is <32 
o/oo (Tomascik et 
al., 1997; Jordan, 1998). These non-skeletal components are best developed around 25o 
N and S where evaporation exceeds precipitation, and where open oceanic conditions are 
absent (Wilson, 2002). In contrast, peloids that are normally formed by grain micritization 
or from faecal pellets, are common in modern equatorial sediments but less abundant in 
Southeast Asia. 
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  The mineralogy of equatorial carbonates depends on the spatial and temporal 
variations in carbonate producing organisms and precipitation. In Southeast Asia, Mg 
-calcitic producers exceed aragonitic organisms during the Palaeogene but this is reversed 
during the Neogene (Wilson, 2002). Larger benthic foraminifera are restricted to low-
latitudes with the surface temperature of 20-22oC (Hallock and Glenn, 1986). As the 
mineralogy reflects biotic evolution and biogeographic differences (Wilson and Rosen, 
1998), a predominance of calcitic sediments is not necessarily indicative of cold-water 
conditions (James, 1997). 
  Modern carbonate production rates in Southeast Asia are high. The Pulau Seribu 
reefs in northern Java have accumulation rates between 0.3 to 1 m/ka (Park et al., 1992). 
Although reef accumulation rates decrease with water depth (1.0-20.00 m/ka at <5 m 
water depth to 0.50-2.0 m/ka in depths of 10-20 m; Schlager, 1981), this rate could be 
significantly higher for ancient carbonates considering high overburden effects and 
potential hiatuses (Schlarger, 1989). Generally, the equatorial carbonates in Southeast 
Asia have production rates of 0.2 to 0.3 m/ka (Wilson et al. (2000)). 
  Marine cements are rare in modern and Cenozoic Southeast Asian equatorial 
carbonates compared to meteoric and burial cements, mainly due to high rainfall that dilutes 
marine waters (Wilson, 2002; Gischler and Lomando, 1990). Where marine cements are 
reported, they are a minor component (Lokier, 2000) and most commonly occur in high 
energy settings (Park et al., 1992; Wilson et al., 1999; Grotsch and Mercadier, 1999). The 
modern equatorial carbonates also show lack of marine cements (). However, the study of 
Quarternary sediments in eastern Sabah shows the presence of extensive marine cements 
especially within hardgrounds (Pierson et al, 2010).
  Both bioerosion and micritization are common in modern and Cenozoic equatorial 
carbonates as evidenced by high boring activities within bioclasts. The main bioeroders 
and microborers are fish and sponges, probably due to changes of biota and nutrient levels 
(Perry and Bertling, 2000). Increased nutrient intensity may stimulate the growth of algae 
and feeders (Hallock and Schlarger, 1986). Reefs associated with terrestrial runoff in 
Southeast Asia often show evidence for encrustation and bioerosion (Wilson and Lokier, 
2004). Micrite is also common in Cenozoic low-energy equatorial carbonates, which  is 
mostly related to physical and biological breakdown of calcareous algae.    
  Seafloor cementation is less important in equatorial regions. Early aragonite 
dissolution and chalkification are common in Neogene carbonates in Southeast Asia. 
High rainfall in equatorial regions results in subaerially exposed carbonates undergoing 
extensive leaching and meteoric diagenesis. Karstification and meteoric diagenesis are 
strongly influenced by aragonitic-rich Neogene, which were readily dissolved due to 
lowering of relative sea-level (Wilson, 2002; Vahrenkamp, 1996). In contrast, similar 
relative sea-level fluctuations were less influential during the Palaeogene as calcitic 
constituents are less prone to leaching (Wilson, 2002). During the Miocene, meteoric 
leaching and cementation in equatorial regions were more pronounced than in arid regions 
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Fig. 2.6 Simple diagrams showing (A) the development of carbonate depositional system tracts through the 
cycle of relative sea-level change (Wright and Burchette, 1996) and (B) stacking patterns of small scale 
carbonate cycles (Wright and Burchette (1996) and Bosence and Wilson (2002) based on Tucker (1993)).
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(Sun and Esteban, 1994) because of the higher intensity rainfall.
  Southeast Asian equatorial carbonate platforms are usually overlain by deeper 
water facies due to relative sea-level rise (Vahrenkamp, 2000; Erlich et al., 1993). These 
drowning events were caused by a combination of high rates of tectonic subsidence, 
compaction and period of eustatic sea-level rise (Epting, 1980; Vahrenkamp, 2000). Low 
rates of calcitic photozoan association accumulations during the Palaeogene may also 
reflect  relative sea-level rise (Wilson, 1999). 
  Evaporitic deposits are rare or absent in carbonate successions in Southeast 
Asia. High annual rainfall in equatorial regions inhibits formation of evaporitic deposits 
in contrast to subtropical regions (Sun and Esteban, 1994). Rare examples occur in 
southerly latitudes, such as New Guinea during the Palaeogene (Wilson, 2002). The 
intense weathering in humid equatorial regions results in the common intercalation of the 
clastic and carbonate associations (Lokier, 2000). In shelf settings, carbonates developed 
preferentially during transgressive and highstand flooding periods, whereas thick clastic 
packages are pervasive during lowstands (Wilson, 2002). Equatorial photozoan carbonates 
can tolerate turbid water, but only if light penetration remains sufficient and clastic 
sediment accumulation rates are relatively low (Wilson, 2002). During the Cenozoic, 
localized carbonate build-ups occur intercalated with clastic successions, as shown by 
examples from Sabah and Kalimantan (Ali, 1995; Wilson et al., 1999; Pierson et al., 
2010). 
  Diverse carbonate depositional systems are common in equatorial regions of 
Southeast Asia. The coralgal photozoan associations of the Neogene form thick rimmed 
shelf, fringing reef, barrier reef and build-up deposits. Photozoan associations are 
dominated by non-framework building organisms, as seen during the Palaeogene, form 
unrimmed shelves, ramps and shoals. Carbonates within subtropical areas can also form 
thin shelf or lagoonal on unrimmed shelves or associated with narrow fringing reefs (Sun 
and Esteban, 1994). Increased salinity or temperature may result in temporal or spatial 
restrictions to carbonate development (Wilson, 2002).
  A comparison of the age, lithology, biota systems, thickness, tectonic setting, 
depositional setting, depositional controls and diagenesis of the main Cenozoic carbonate 
platforms in the Sarawak Basin is summarized in Table 2.2. 
 
2.4 Carbonate depositional sequences
2.4.1 Carbonate sequence stratigraphic models
Carbonate sequence stratigraphy provides a framework for analysing development 
history of carbonate platforms (Sarg, 1988; Eberli and Ginsburg, 1989; Handford and 
Loucks, 1993; ). Carbonate sequence stratigraphic models reflect the interaction of both 
biological and physical processes in a diverse range of depositional system (James, 1979). 
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Major differences with clastic depositional systems is the absence of a shelf-slope break 
and the common occurrence of  rimmed margins (Handford and Loucks, 1993) and low 
slope angles (Schlager and Camber, 1986). Handford and Loucks (1993) have identified 
12 major basic carbonate infrastructure elements (Table 2.3) that control the development 
of carbonate platform depositional sequences; (1) tectonic subsidence, (2) eustacy, (3) 
climate, (4) carbonate factory, (5) continental linkage, (6) morphology, (7) width, (8) 
circulation, (9) type of margin, (10) orientation of margin, (11) depositional systems, and 
(12) lithology. 
2.4.2 Stratal geometries and stacking patterns
Carbonate stratal geometries can be differentiated into various orders, which reflect 
the response to different depositional and erosional processes:  carbonate deposition creates 
depositional topography, while erosional topography result mainly from karstification 
and slumping (Handford and Loucks, 1993). Where stratal discordance is recognized, the 
strata are terminated by lapout (onlap, downlap, and toplap) and truncation (erosional and 
structural). The capacity of carbonate sediments to generate and accumulate in situ and to be 
eroded subaerially by dissolution results in distinctive stratal geometries in carbonates. In 
addition, carbonates have foreslope angles of around 30-45o (Schlager and Camber, 1986; 
Kenter, 1990), which is much steeper than in clastic successions. Vertical overhanging 
slopes may also be locally present (Grammer and Ginsburg, 1992). Organic-binding of 
sediments also commonly leads to very steep, up to vertical, depositional slopes, while 
steep erosional slopes may indicate lithified sediments (Handford and Loucks, 1993). 
Conversely, carbonate toe-of-slope deposits may show downlap, alternating onlap and 
downlap, or just onlap (Handford and Loucks, 1993). Karstification, incision, submarine 
erosion and slumping can all result in large-scale stratal discordances. 
Stacking patterns may response clearly to longer period of sea level cycles. Within 
the 2nd order sea level cycle (3 to 50 Ma), progradational, aggradational and retrogradational 
stacking patterns can be recognized, similar to parasequence sets in 3rd order cycles. The 
progradational sequence set is formed when the 3rd order sea level cycle occurs against 
a backdrop of minimal 2nd  order relative sea level change (Tucker, 1993; Moore, 2001). 
In contrast, the aggradational sequence is produced during a moderate 2nd order sea level 
rise (2nd order early highstand), while the retrogradational sequence set is developed when 
the 3rd order sequence is formed during a 2nd order relative sea level rise (Tucker, 1993; 
Moore, 2001). Within the 3rd order sea level cycles (0.3 to 3 Ma), parasequences respond 
to changes in the rate of accommodation space generation during the development of 
3rd order sea level cycle (Figs. 2.5 and 2.6) (Tucker, 1993; Moore, 2001). During the 
transgressive systems tract (TST), the formation rate of new accommodation space 
starts slowly and steadily accelerates. In early TST, parasequence are generally thin 
with well developed exposure at the cycle tops as the formation rate of accommodation 
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space increases. Subsequently, parasequences thicken and marine diagenesis, such as 
hardground cementation, tend to dominate at cycle tops (Fig. 2.5). During the early 
highstand, parasequences tend to be thick and marine dominated (Tucker, 1993). In the 
late highstand, thinner parasequences with exposure at parasequence tops are expected 
as the formation rate of new accommodation space decelerates. Subsequently, during 
the lowstand, parasequences will be very thin or amalgamated into a sequence-bounding 
unconformity (Fig. 2.5) and exposure-related diagenesis will be dominant (Moore, 2001). 
2.4.3 Carbonate response to relative sea-level change
  The effects of sea level change has resulted in development of systematic sequence 
stratigraphic models for carbonate platforms (Sarg, 1988; Handford and Loucks, 1993; 
Burchette and Wright, 1992; Wright and Burchette, 1996; Bosence and Wilson, 2003). 
These models have unique architectural characteristics, which makes these carbonate 
platforms more distinctive (Pomar, 1991; Hunt and Tucker, 1993). Carbonate depositional 
sequence and systems tract models of Handford and Loucks (1993) (Fig. 2.8) were based 
on four main assumptions; (1) carbonate sediments are produced locally by biogenic and 
non-biogenic processes, (2) climate factors are important to distinguish platforms, (3) 
interaction of climatic conditions, tectonic setting, sand linkage, and platforms results 
in a mixture of carbonate, siliciclastic, and evaporite sediments, and (4) the stratigraphic 
position of these sediments within a sequence is a predictable response to relative sea-level 
history, showing systematic patterns of growth and demise. These models compliment the 
static facies models of Ahr (1973), Wilson (1975), Read (1985), the sequence stratigraphic 
models of Sarg (1988), and the clastic depositional sequence and system tract models of 
Haq et al. (1987), Vail (1987), Posamentier and Vail (1988), and Van Wagoner et al. 
(1990).
Relative sea-level change fundamentally controls carbonate production (Sarg, 
1988; Vail, 1987; Haq et al., 1987). A shallow water (<10 m water depth) carbonate 
factory can produce large amounts of carbonate sediment in open shelf areas (Handford 
and Loucks, 1993). However, when sea level drops during lowstand times, the platform is 
subaerially exposed and carbonate deposition is rapidly reduced. The only productive part 
of the platform is the slope seaward of the shelf margin; steep slopes have narrow zones 
of carbonate production, while gentle slopes form wider bands (Handford and Loucks, 
1993). During highstand periods, shallow-water plaforms produce large quantities of 
fine-grained sediment. However, during lowstands, sediment production is terminated on 
platform tops and is constrained to shelf margins and upper slopes.
Since a ramp has no marked break in slope, its bathymetric profile is unchanged 
during periods of changing sea-level (Handford and Loucks, 1993). A humid carbonate 
ramp is likely to deposit a similar suite of sediments during lowstands as during highstands. 
At the carbonate shelf edge, relative sea-level fall is a function of accommodation space. 
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Fig 2.7 Schematic model for an isolated carbonate platform, showing idealized systems tract geometries 
and platform drowning. (Modified after Emery and Myers, 1996)
MAXIMUM 
FLOODING SURFACE
D
S
R
K
M
M
D
R S K R
62 Chapter 2 - Review On Carbonate Systems
 Depositional Sequence Model of Humid,
Rimmed Unattached (Isolated) Platforms 
Fig. 2.8 : Idealized depositional sequence and systems tract models for a detached/unattached, humid rimmed (isolated) 
carbonate associated with type 1sequence boundaries. Abbreviations in this and subsequent depositional sequence diagrams 
are: SB = sequnce boundary; LS = lowstand; LST = low-stand systems tract; LSW = lowstand wedge; LSF = lowstand fan; 
LCC = leveed channel complex; TST = transgressive systems tract; HST = high-stand systems tract; SMST = shelf-margin 
systems tract (After Handford and Loucks, 1993). 
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When sea-level falls below the shelf edge, carbonate sediment production is diminished 
(Handford and Loucks, 1993). Simultaneously, shelf  edge may advance laterally but the 
shelf break advances more as a result of sea-level lowering than to deposition leading in 
a downward shifting (offlapping) of the shelf edge. This is also called a forced regression 
(Posamentier et al., 1990; Hunt and Tucker, 1992) as illustrated by in Miocene shelf-edge 
reefs of Mallorca (Pomar, 1993). 
When sea-level falls below the shelf edge, subaerially exposed carbonates undergo 
changes due to dissolution to form karst. Along  sequence boundaries karst landforms 
vary from collapse sinkholes, vertical shafts, vadose and phreatic solution caves, while 
intense weathering of limestone terrains forms terra rosa soils (Handford and Loucks, 
1993). Climate, water, CO2 and temperature are the key for sequence boundary karst 
development (White, 1988). Surface karst and cave development is greatest in dense 
carbonate rocks with faults or fractures. Rainwater flows only short distances across karst 
terrain before infiltrating rock matrix or spills into open joints or fractures (Handford and 
Loucks, 1993). The highest limestone solution rate in the world occurs where it is wettest 
(Ford and Williams, 1989) as evidenced by the karst terrain in Papua New Guinea with the 
solutional rates of 270-760 mm/ka (Maire, 1981). High frequency sea-level cycles over 
tens of thousands of years can result in the formation of karst features along sequence 
boundaries in humid climates (Handford and Loucks, 1993). Karst features recognized 
in cores and outcrops include terra rosa palaeosols, cave fill, and brecciated cave roofs 
(Loucks and Handford, 1993). Some subaerially exposed carbonates may show little 
evidence of karstification or calichification as the length of exposure may have been too 
short, karst features might have been eroded, or high permeabilities and porosities may 
have prevented karst formation (Meyers, 1988). 
Slope failure is common due to erosional process on carbonate slopes (Handford 
and Loucks, 1993). The failure can happen at any sea-level stand as evidenced by 
megabreccia and displaced blocks in the Nicaraguan Rise (Hine and Hallock, 1991). 
Deposition of carbonate lowstand deposits leads to the formation of basinward thinning 
wedges that onlap slopes and are locally thick near the toe-of-slope. Lowstand slope 
and toe-of-slope carbonates are dominated by thick gravity-flow deposits that contain 
large clasts. Thick lowstand deposits imply large-scale failure of slopes or shelf edges 
(Handford and Loucks, 1993). 
Maximum transgression leads to sediment starvation and the deposition of pelagic 
sediments over a large area on the shelf to form a condensed section. A relative rise in sea 
level over a carbonate platform can also lead to sediment starvation and platform drowning 
(Handford and Loucks, 1993). Isolated platforms may respond to sea-level changes in 
three phases (Fig. 2.7): (1) start-up phase, when the rate of carbonate accumulation less 
than the rate of relative sea-level rise, (2) catch-up phase, when accummulation exceeds 
sealevel rise, and (3) keep-up phase, when accumulation rate closely matches the rate of 
rise and the platform remains very close to sea level (Epting, 1980; Kendall and Schlager, 
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1981; Emery and Myers, 1996). 
The deposition of carbonate transgressive systems-tract deposits across a humid 
carbonate platform begins with the flooding of an eroded lowstand surface. Transgression 
reworks the surface sediments into a lag deposit while the carbonate factory produces 
new carbonate sediments. Sequence boundaries at the base of transgressive systems tract 
contain caliche or karst features (Handford and Loucks, 1993). Lag deposits with bored, 
encrusted, or mineral-stained clasts derived from the underlying sediments are common. 
Parasequences are cyclic and they may shallow upward into intertidal or supratidal 
environments with muddy or grainy caps (Handford and Loucks, 1993). Carbonate 
parasequences are bounded by marine-flooding surfaces or their correlative surfaces. 
These flooding surfaces may form the upper boundary of parasequences. A condensed 
section may occur at the top of platforms during maximum transgression (Loutit et al., 
1988). This interval is usually thin due to very low sedimentation rates or non-deposition, 
long submarine exposure, erosion, and reworking. These intervals comprise pelagic 
or hemipelagic sediments with skeletals remain fragmented and corroded. Condensed 
sections formed below the photic zone and lack both calcareous algae and micrite 
envelopes (Handford and Loucks, 1993).
Highstand systems tract (HST) deposition occurs during the late part of a eustatic 
rise, a stillstand, and the early part of a eustatic fall (Van Wagoner et al., 1988). During 
this period, carbonate sedimentation rates exceed subsidence and the eustatic rise, 
leading to deposition of aggradational to progradational strata (Sarg, 1988). Subject to 
accommodation space, carbonate sedimentation is usually greatest during highstands. 
Progradation rates depend on water depth, energy, depositional processes, sediment 
accumulation rates (Handford and Loucks, 1993). Production rates along rimmed shelf 
edges are greater than surrounding environments. The accommodation space is quickly 
filled along shelf edges at first by aggradation and later by progradation. A maximum 
flooding surface separates the transgressive and highstand systems tracts (Rudolph and 
Lehmann, 1989). Highstand of sea level leads to higher rates of re-sedimentation in 
slopes and basins (Mullins, 1983). The depositional sequence and systems tract models 
of Handford and Loucks (1993) for humid, isolated platforms are shown in Fig. 2.8. 
2.4.4 Basic sequence stratigraphic concepts and historical context 
When the depositional sequence concept was formally introduced by Sloss 
(1963), he defined sequences as ‘rock stratigraphic units which are tracable over major 
areas and bounded by unconformities’. Vail et al. (1977) later modified the definition of 
the sequence as a ‘stratigraphic unit composed of a relatively conformable succession 
of genetically related strata and bounded at its top and base by unconformities or their 
correlative conformities.’ However, the scale in time or space and origin of the sequence 
was not stated. Sequences were subsequently interpreted to form in response to the 
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interaction between the rates of eustasy, subsidence and sediment supply (Van Wagoner 
et al., 1988).
The parasequence was originally defined as a ‘….relatively conformable succession 
of genetically related beds bounded by marine flooding or their correlative surfaces’ (Van 
Wagoner et al., 1988). They also defined the marine flooding surface as ‘a surface across 
which there is evidence of an abrupt increase in water depth. This deepening is often 
associated by minor submarine erosion’. 
Sequence boundaries (SBs) were defined as ‘observable discordances that show 
evidence of erosion or non-deposition with obvious terminations but in places they may 
be traced into less obvious paraconformities recognized by biostratigraphy or other 
methods’ (Vail et al., 1977). Hiatus at the unconformity is in the order of a million to 
hundreds of millions of years (Vail et al., 1977). Van Wagoner et al. (1988) redefined 
the SB unconformity as ‘a surface along which there is evidence of subaerial erosion 
truncation or subaerial exposure’ based on smaller outcrop observation. This definition has 
been debated, but is widely accepted, as the criterion of subaerial exposure is extremely 
difficult to verify in seismic data although it works well at outcrop- or reservoir-scale 
(Schlager, 2005). 
The maximum flooding surfaces (MFS) represent ‘the surface that exists at 
the time of maximum transgression of the shelf….’ (Posamentier and Allen, 1999). It 
is called ‘downlap surface’ on seismic section (Schlager, 2005). The ‘surface’ here can 
also be replaced by ‘interval’ (Schlager, 2005) as seismic unconformities correspond to 
transitional boundaries in the outcrops. 
The sequences and their system tracts are essentially controlled by relative sea-
level changes (Vail et al., 1977; Van Wagoner et al., 1988; Posamentier et al., 1988; Emery 
et al., 1996). Each order of sequence is governed by two variables: (i) the rate of change 
in accommodation (A), and (ii) the rate of sediment supply (S) (Schlager, 2005). The 
rate of sediment supply is a major control on sequences that may be independent of sea-
level (Schlager, 2005). The standard model of sequence stratigraphy also treats sediment 
supply in an inconsistent manner. The geological record also shows that sediment supply 
to the ocean has varied through geological history as evidenced by sedimentation rates of 
the latest Cenozoic are significantly higher than in the earlier Cenozoic (Schlager, 2005). 
The balance of the rates of accommodation change and the sediment supply not only 
controls progradation and retrogradation of depositional systems but significantly affects 
small-scale geometry and facies patterns by variation in water depth (Schlager, 2005).
The concept of ‘orders’ of sequences was already mentioned as a hierarchy of 
cycles that were ranked by their duration as first, second and third orders (Vail et al., 
1977). They were also characterized by depositional architecture which includes the 
recognition of parasequences, the building blocks of classical sequences that were made 
up of shoaling upward successions bounded by flooding surfaces rather than exposure 
surfaces (Van Wagoner et al., 1988; Van Wagoner et al., 1990). The standard 3rd order 
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sequences were considered as a simple sequence (Vail et al., 1991; Mitchum and Van 
Wagoner, 1991). The classifications that assigned a specific anatomy to each sequence 
order were advanced by Vail et al. (1991) and Duval et al. (1998). They proposed that 
the cycles of 4th order and shorter have the anatomy of parasequences, while the 3rd order 
cycles follow the standard model of sequence stratigraphy with units bounded by exposure 
surfaces and composed of asymmetrical lowstand, transgressive and highstand system 
tracts (Vail et al., 1991; Mitchum and Van Wagoner, 1991). The 2nd and 1st order cycles 
were assumed to be progressively more symmetrical (Duval et al., 1998; Schlager, 2005). 
Although the orders are defined by duration, it is also characterized by their 
depositional architecture or anatomy and the kind of sequence boundary (Duval et al., 
1998). The 2nd and 3rd order sequences of the eustatic curve of Haq et al. (1987) may 
overlap even though their modes are different (Schlager, 2004).  This made Hardenbol et 
al. (1998) abandon the subdivision into 2nd and 3rd order cycles. This mismatch needs to 
be resolved in order to define the order as an impression of natural structure rather than 
subdivisions of convenience (Schlager, 2005). 
2.4.5 Model of isolated build-up depositional sequences
The differences in depositional morphologies and size of isolated platforms or 
build-ups suggest a wide range of responses to relative se-level changes. Isolated build-
ups rarely appear to be as strongly progradational as attached platforms as they tend to 
develop initially in situations of limited substrate availability. During basin development, 
small- to medium-sized isolated build-ups often exhibit an overall aggradational or back-
stepping history (Waite, 1993). 
During the transgressive systems tract (TST), flat-topped isolated build-ups tend to 
drown rapidly and are capped by deeper-water facies, as clearly demonstrated by Tertiary 
isolated build-ups in South China Sea (Ehrlich et al., 1993; Epting, 1980; Zampetti et al., 
2002). During smaller relative sea-level rises, the margins of isolated carbonate build-ups 
aggrade and/or step back to a point of higher elevation on the platform surface (Cucci and 
Clarke, 1993). Aggradation increases water depth in build-up interior and lagoons. Partial 
drowning may be pronounced on one side, indicating the build-up aggrades or backsteps 
on one side and progrades on the other, depending on productivity of the marginal facies 
with respect to oceanographic or tectonic processes (Wright and Burchette, 1993). In 
Southeast Asia, where build-ups have resistant bioconstructed margins, it is the lower 
productivity, lower-energy margins that appear to drown more easily (Hadford and Louck, 
1993). In high subsidence areas, or those with a long-continued period of eustatic sea-
level rise, margins may stepback several times during the TST. This phenomenon is more 
common in mound-like build-ups than in isolated platforms with flat tops. In both cases 
there is an overall increase in accommodation space and a decrease in area of available 
substrate suitable for carbonate production (Wright and Burchette, 1993; Fig. 2.7 (A)).
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During the initial high systems tract (HST), aggradation mostly continues, but 
as sea-level rise decelerates, platform sequences may begin to expand in area through 
progradation. Highstand progradation within a sequence may be asymmetrical due to 
windward and leeward effects. A steep windward margin may continue to build vertically 
without progradation, while the leeward margin progrades significantly. Highstand 
platform morphology may also be strongly influenced by topography on the substrate 
where the build-up grows. An isolated platform growing on a tilted block may preferentially 
prograde in the gentle dip direction rather than over the steep scarp of a fault-bounded 
block (Wright and Burchette, 1993).
The development of a lowstand systems tract (LST) in isolated build-ups depends 
on relative sea-level behaviour, the gradient of the slope and area of the substrate below 
the slope break. Lowstands may be represented by karstification or soil development over 
large tracts of the platform top. For example, seismic and well data from the Miocene 
Natuna carbonate platform in the South China Sea shows five depositional sequences, 
each consisting of a LST-TST-HST cycle (Rudolph and Lehmann, 1989; Fig. 2.10 (B)). 
Lowstand deposits consist mainly of mounded reefal facies that encircle the platform at 
the base of slope. The TST comprises deepening-upwards successions and is characterized 
by progressive backstep of the platform margins so that the build-up decreased in area by 
increments. In the HST, reefal shallow-water facies accreted vertically and are thickest 
over the highest parts of the platform. The retreat of the Natuna build-up occurred in an 
asymmetrical fashion (Fig. 2.10 (B)). 
2.5 Diagenesis and dolomite origin
  Diagenesis involves all the processes which affect carbonate sediments after 
deposition until the incipient metamorphism at elevated temperature and pressure 
(Tucker and Bathurst, 1990). Carbonate diagenesis includes six major processes, namely 
cementation, microbial micritization, neomorphism, dissolution, compaction (mechanical 
and chemical) and dolomitization (Tucker and Bathurst, 1990). Cementation takes place 
when pore-fluids are oversaturated with Ca2+ and Mg2+ anions. Crystal morphology is 
related to the chemical environment of precipitation (Folk, 1974; Dickson et al., 1993). 
The morphology of calcite crystals is controlled by selective Mg-poisoning (Folk, 1974). 
According to Moore (1989), the cement growth habits and morphologies in different 
diagentic environments are controlled by the ratio of surface active cations (SAC) to 
surface active anions (SAA) (Fig. 2.11). Cementation requires a large volume of CaCO3 
and an efficient fluid flow mechanism to transport pore volumes of water to complete 
lithification (Moore, 2001). In a marine setting, fluid flow is aided tidal and wave energy. 
In the subsurface, fluid movement depends on the hydraulic head and whether the aquifer 
is confined or not. Meteoric waters characterized by low Mg/Ca ratios produce equant 
crystal shapes, while marine waters with high Mg/Ca ratios produce elongated calcite 
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Fig. 2.9 LST (A), TST (B) and HST (C) diagenetic/porosity models for the isolated platform under 
humid climatic conditions (Modified after Moore, 2001). 
1. Epikarst to deep karst depending on duration of exposure at the sequence boundary.
2. Solution enhanced fractures parallel to windward shelf margin related to margin collapse.
3. Preservation of intergranular porosity in vadose zone, permeability reduced, vertical conductivity may be enhanced along windward 
 shelf margin by fractures.
4. Thick meteoric lens floating on marine water. Slow water flux toward platform margin with little lateral transport of CaCO. Moldic to 
 vuggy porosity along water table with cements precipitated in adjacent pores. There is degradation of permeability and little gain or 
 loss in porosity. No diagenetic/porosity gradients. Phreatic caves at the water table.
5. Major secondary porosity development and minor dolomitization in the mixing zone.
6. Major coastal flank cavern porosity.
7. Pervasive marine-water dolomitization of shelf margin driven by hydrodynamics of the mixing zone.
8. Aragonite dissolution, calcite precipitation below aragonite lysocline. Net loss in porosity. Marine water influx into platform driven by 
 mixing zone hydrodynamics and geothermal convection.
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crystals (Folk, 1974). The CaCO3 source may vary with different diagenetic environments; 
seawater in marine realm, and dissolved grains in meteoric and burial environments. 
  Microbial micritization is a process whereby skeletal grains are altered on the 
seafloor and just below by endolithic algae, bacteria and fungi (Moore, 1993). It is 
still debatable whether this is strictly a diagenetic process as the original composition 
of micritized grains, such as micrite envelopes, is difficult to explain. In contrast, 
neomorphism is a term used to describe processes of replacement and recrystalization 
resulting in a change in crystal size, texture and mineralogy. Recrystallization refers 
to changes in crystal size without change in mineralogy (Tucker and Bathurst, 1990). 
Thus neomorphism is used to refer to replacement textures rather than recrystalization. 
The aggrading neomorphic process in fine-grained limestone leads to a coarser crystal 
mozaic, while degrading neomorphism gives rise to a finer crystal mozaic (Tucker and 
Bathurst, 1990). Microbial micritization also produces a fine-grained texture, but this is 
not a neomorphic process.   
  Dissolution of grains, cements and lithified limestone takes place when pore-fluid 
are undersaturated with cations and anions (Moore, 1993). Aragonite is generally less 
stable than calcite and the solubility of calcite increases with increasing MgCO3 content 
(Moore, 1993). Dissolution is important in near-surface meteoric environments to develop 
cave systems through karstification. Compaction, in contrast, becomes an increasingly 
significant process during burial due to an increase in overburden pressure  (Moore, 
1993).. During the early burial stage, mechanical compaction results in a closer grain 
packing. However, in deep burial stages, chemical compaction may lead to dissolution 
at grain contacts. Lithified limestone may form stylolites and dissolution seams when 
overburden exceeds several hundreds of meters (Tucker and Wright, 1990). 
  Dolomitization has affected nearly half of the carbonate record (Esteban, 1992). 
Despite many models are available, there are still much controversy and debate over the 
mechanisms as described below.
 
  2.5.1 Dolomite origins and their possible mechanisms 
Deodat de Dolomieu was the first person to describe and to consider the origin of 
dolomite in 1791. However, due to variety of dolomite types that exist in nature, a single 
process of dolomitization with one unique model is not possible to explain all occurences 
of dolomite. Ideas on the origin of dolomite were first outlined by Steidtmann (1911). The 
first comprehensive review on mineralogical aspects of dolomites was done by van Tuyl 
(1914), who reviewed dolomite interpretation, theories and hypotheses. Since then, few 
studies have been made, particularly understanding massive dolomite formation, until the 
discovery of Holocene penecontemporeneous dolomite in modern carbonate sediments 
(Alderman and Skinner, 1957; Wells, 1962). Dolomites of supratidal origin (Zenger, 
1972) started only when the mixing zone between freshwater lenses and underlying 
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seawater was thought to be effective area for dolomitization (Hanshaw et al., 1971). The 
idea of sulfate-deficient water (Baker and Kastner, 1981) received increasing attention 
but has not become an established dolomite model. In contrast, the reflux hypersaline 
brine model (Fig. 2.12 A), which is associated with supratidal sabkha evaporite and the 
Dorag brackish-seawater mixing of Badiozamani (1973), or the schizohaline model 
(Folk and Land, 1975), are more commonly used. Other hydrogeological dolomitization 
processes, such as burial, thermal convection, compaction flow and hydrothermal, have 
been acknowledged but not widely applicable to the bulk of ancient dolomites (Blatt, 
1982). 
The reflux or sabkha model (Fig. 2.12 A) is relatively well documented after the 
discovery of weakly ordered calcite dolomite in Holocene sediments of the Persian Gulf 
(Wells, 1962; Curtis et al., 1963). Complete dolomitization of carbonate platforms appears 
possible only under specific conditions (Adams and Rhodes, 1960; Friedman and Sanders, 
1967). The extent of dolomitization depends on the duration of evaporation and flooding, 
and the preceding subsurface permeability distribution. The mechanism of dolomite 
formation, whether as a replacement or direct precipitation, has been partly resolved. 
Brine chemistry changes in Abu Dhabi, for example, have been used as evidence for a 
replacement origin for dolomites (Wells, 1962; Curtis et al., 1963; Bathurst, 1975), which 
is supported by mass balance calculations (McKenzie, 1981; Patterson and Kinsman, 
1982). A direct precipitation mechanism that occurs at low temperature may require highly 
super-saturated waters of high Mg/Ca ratios and elevated CO3-HCO3 concentrations. This 
may explain why modern dolomites are mainly restricted to evaporitic environments 
(Hardie, 1986). Replacement dolomites at low temperature, in contrsst, require large 
regional ground water-flow systems that possibly takes place over very long reaction 
times (Hardie, 1986). The dolomitizing fluids may contain hypersaline brines (e.g. in the 
Middle East, Red Sea and Mediterranean) and slightly elevated salinity seawater (such as 
in Bahamas and Pacific atolls) (Qing Sun, 1994).
The sabkha model, however, is incapable of explaining the genesis of dolostones that 
are not associated with evaporites. The Dorag model of Badiozamani (1973) was proposed 
based on the effects of ionic strength on the solubility of carbonate minerals, and does 
not require a Mg2+ /Ca2+ ratio greater than one (the ratio at calcite-dolomite equilibrium). 
This model was satisfactory applied to the Middle Ordovician of Wisconsin in order to 
explain the origin of dolostones along epicontinental shelves. Land (1973) applied the 
same model based on dolomitization of Holocene and Pleistocene reef sequences on the 
north coast of Jamaica. Subsequently, this model has been applied to wide range of ancient 
dolomitized sequences (cf. Zenger and Dunham, 1980; Purser et al., 1994; Vahrenkamp 
and Swart, 1994), including patchy dolomitization (Choquette and Steinen, 1985) and 
regional platform dolomitization (Budd and Loucks, 1981). Mixing zone dolomitization 
(Fig. 2.12 C) was also reported in the Miocene Seroe Domi dolomites of Bonaire (Sibley, 
1980) and the Miocene Isla de Mon Dolomite of Puerto Rico (Gonzalez et al., 1997). 
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However, this model is being questioned as the mixing waters tend to dissolve limestone 
to form karstic systems or at best result in only very small amounts of dolomite (Machel, 
2004). The coastal mixing zone may play a role as a hydrological pump for seawater 
dolomitization. The Dorag requirements for dolomitization become smaller if disordered 
dolomite is used in the calculation (Machel, 2004). Furthermore, dolomite replacement 
does not occur in any known modern coastal mixing zone. Many dolomites from inferred 
mixing zones occur without dissolution of calcite. Isotope and trace-element data used 
to identify mixed water dolomites are inadmissible as the isotopic fractionation factors 
for dolomite remain unsolved  (Moore, 1993).. Non-isomorphous trace elements such as 
Na+ in dolomite cannot, on theoretical grounds, be fully relied on to identify dolomitizing 
fluids (Hardie, 1986). Most diagenetic studies of dolomite occurrences in the Neogene 
carbonates of Southeast Asia conclude that the mixing zone model is the most appropriate 
(Carnell and Wilson, 2003; Hendarjo and Netherwood, 1986; Park et al., 1995). This is 
probably due to the humid climate during Cenozoic and relatively smaller size of build-
ups that promotes mixing zone induced seawater circulation.
Other mechanisms like thermal convection in open half-cells (Kohout convection) 
most commonly by seawater or slightly modified seawater, can form massive dolomites 
under favourable conditions, whereas thermal convection in closed cells cannot (Fig. 
2.12 B). Conversely, compaction flow cannot form massive dolomites, unless it is 
funneled (Machel, 2004). Tectonically induced flow is likely to form massive dolomites. 
Hydrothermal dolomitization may occur in a variety of subsurface diagenetic settings but 
it is locally formed around faults (Machel, 2004; Wilson et al., 2007).  
At high temperatures, ordered dolomite can be generated in the laboratory in a 
few days at 100oC (Hardie, 1986). Baron (1960) converted calcite to ordered dolomite in 
12 days at 100oC. Ca-rich waters form dolomitizing fluids at temperatures above 60oC, 
which make most natural subsurface waters capable of dolomitizing (Hardie, 1986). At 
low temperature, time may be the key element. Seawater will become a major dolomitizing 
fluid only where stable circulation systems through a mechanism like Kohout convention 
can drive seawater through carbonate platform for many thousands to millions of years 
(Hardie, 1986).
Thermodynamic conditions for dolomite formation have been known since the 
1970s, and confirmed by recent experimental studies (Hardie, 1986; Machel, 2004). The 
key thermodynamic controls on dolomitization are temperature, crystal chemistry and the 
cation order of dolomite (Hardie, 1986). However, the kinetics of dolomite formation, such 
as the roles of sulphate as an inhibitor to dolomite formation, is still poorly understood. 
Sulphate appears to be an inhibitor only in relatively low sulphate aqueous solutions, 
while elsewhere sulphate-rich solutions may promote dolomite formation (Baker and 
Kastner, 1981; Machel, 2004). Shallow hypersaline dolomitic lake water analyses show 
high initial sulphate concentrations, while pore waters from unlithified sediments show a 
substantial decrease in sulphate concentrations (Wright and Wacey, 2004). 
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Large water/rock ratios are required for extensive dolomitization and the 
formation of massive dolomites. This explains why all dolomite models are essentially 
hydrological models. The exceptions are environments where carbonate mud or limestone 
can be dolomitized via diffusion of magnesium from seawater rather than by advection 
(Machel, 2004). Replacement of shallow water limestones by dolomites results in a series 
of distinctive textures that form in a sequential manner with a progressive increase in 
dolomitization. 
Geochemical methods, such as carbon, oxygen and strontium isotopes, trace 
elements, and fluid inclusions, have been used to characterize and deciper the origin of 
dolomite. Dolomites initially formed from evaporitic brines very close to the surface 
may recrystallize through time and during burial (Machel, 2004). Those dolomites that 
originally formed at several hundred to a few thousand meters depth commonly show 
little or no evidence of recrystallization. 
2.5.2 Dolomite occurrence in the Neogene of Southeast Asia
In Southeast Asia, dolomite comprises a small portion (10-30%) of the total 
volume of carbonates but it is variably distributed (Carnell and Wilson, 2003). These 
dolomites can occur in both cementing and replacing habits. Many authors have observed 
an association between dolomite and subaerial exposure surfaces (Luconia - Epting 
(1980), Vahrenkamp et al. (2003); Baturaja Formation Indonesia - Park et al. (1995; Tacipi 
Formation Indonesia - Mayall and Cox (1988). Qing Sun and Esteban (1994) noticed that 
dolomites are commonly encountered in the basal parts and along the flanks of carbonate 
platforms. The dolomite occurrence in the basal part of platforms was only reported 
in the Miocene carbonates of the Peutu Formation in Northern Sumatra (Caughey and 
Wahyudi, 1993). Other formations like the Baturaja Formation of Southern Sumatera are 
most commonly dolomitized in their upper parts (Park et al., 1995). However, dolomites 
in most of the carbonate platforms in the region, including those in Central Luconia, 
occur as discontinuous layers. Many dolomites occur in association with specific parts of 
the platforms, while others are associated with clay-rich facies (Livingstone et al., 1992; 
Park et al., 1995). 
Although dolomite is widely distributed in Southeast Asia, the processes by which 
carbonates have been dolomitized remain poorly understood due to the very limited 
studies that have been conducted. Published data on the Tacipi, Batu Raja and Luconia 
carbonates suggest dolomitization had taken place in the mixing zone (Epting, 1980; 
Vahrenkamp et al., 2003; Park et al., 1995; Mayall and Cox, 1988). This is expected 
given their deposition in reefal or isolated platforms, which are particularly susceptible to 
mixing zone processes. In addition, dolomitization is closely associated with sub-aerial 
exposure and karstification (Park et al., 1995; Vahrenkamp et al., 2003). Some dolomites 
are postulated to have formed from Mg-rich fluid derived from the clays that commonly 
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encase the precursor limestone (Ali, 1995; Carnell and Wilson, 2003). Sun and Esteban 
(1994) also suggested an evaporitic origin, although evaporites have not been observed in 
humid tropical Southeast Asia settings (Wilson, 2002). Furthermore, carbon and oxygen 
isotope contradict an evaporitic origin (Warrlich et al., 2005; Taberner et at., 2005). 
Beside the lack of evaporitic minerals, palaeoclimatic evidence suggests that throughout 
the Cenozoic, with the possible exception of the late Miocene and Pliocene, conditions 
have been too humid to allow the development of hypersalinity (Frakes, 1979; Morley, 
2000).
In Central Luconia, dolomites were initially interpreted to have formed in 
hypersaline lagoons by dissolution of skeletal components during early diagenesis (Epting, 
1980; Ramli and Ho, 1982). Dolomitization was also often associated with subaerial 
exposure and intense karstification (Epting, 1980). Most carbonate rocks have undergone 
a complete reversal of reservoir properties due to diagenesis with mud-rich lithologies 
extensively dolomitized to form excellent porosity. (Ramli and Ho, 1982; Warrlich et al., 
2005; Taberner et al., 2005). Other lithologies display poor reservoir properties except 
below sub-aerial exposure surfaces. Highly dolomitized and selectively corroded mud-
rich lithologies have also been attributed to deep burial diagenesis, which is a process 
largely ignored in early diagenetic models (Warrlich et al., 2005; Taberner et al., 2005). 
Similar observations were also made in the South China (Zampetti et al., 2004) and in 
the Gulf of Bengal (Minero et al., 2005). Taberner et al. (2005) interpreted the mixing 
of formation waters with deep seated aquifers as a source for preferential dissolution 
and dolomitization, both dolomite and calcite precipitated from the same late mixing 
diagenetic fluids (Warrlich et al., 2005).
  2.5.3 Diagenetic/porosity models of humid, isolated platforms 
  The lowstand systems tract (LST) represents the most important setting for early 
diagenesis where unstable minerals are potentially exposed to under-saturated meteoric 
water and dissolved under humid climatic conditions. The absence of a gravity-driven 
aquifer below the platform makes the humid isolated platform model different from the 
humid rimmed shelf model (Moore, 2001). Differential subsidence at the shelf margin 
makes the platform subside in a platform-wide meteoric lens, which floats on marine 
water (Fig. 2.12). However, water influx towards the platform margin is at a slower rate 
compared to gravity-driven aquifer flow, which is controlled by the volume of meteoric 
water (Whitaker and Smart, 1997). Diagenesis rates in the phreatic zones are also slower 
as compared to the shelf (Moore, 2001). Mouldic porosity and calcite cementation will 
decrease permeability along the water table. If the sea level lowstand exists for long enough, 
watertable phreatic caves might occur. The mixing zones below the meteoric phreatic lens 
in the platform centre are largely unaffected by diagenesis. The platform margins are 
diagenetically more active where the waters have more contact with soil and atmospheric 
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A.    REFLUX
B.    GEOTHERMAL CONVECTION
C.    MIXING ZONE-INDUCED SEAWATER CIRCULATION
WARM
GEOTHERMAL HEAT
FRESH WATER
SEAWATER
COLD COLD
EVAPORATION
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SL
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MIXING ZONE
Fig 2.12. Three groundwater flow models with seawater circulation which have been associated with isolated 
platform dolomitization. (A) Sea water refluxing and (B) Geothermal convection require (partial) platform 
submergence for shallow-burial near-surface dolomitization, whereas mixing zone-induced seawater circulation (C) 
can inly develop during (partial) emergence. Asymmetry of flow regimes and hence dolomite bodies may be the result 
of density gradient, platform shape, topography, permeability differences, etc. (Modified after Vahrenkamp and 
Swart, 1994)
77Chapter 2 - Review On Carbonate Systems
CO2 (Moore, 1989). Dolomites may also form within these zones. In the aragonite 
lysocline, the net flow of marine water into the platform is driven by the mixing zone and 
geothermal convection (Moore, 2001). These enable massive aragonite dissolution and 
marine calcite cement precipitation along the margins, which decrease porosity (Fig. 2.9  A).
  During the transgressive system tracts (TST) (Fig. 2.9 B), diagenesis is dominated 
by marine water. Climate plays an important role in controlling diagenesis while the 
carbonate types will determine the modes of porosity modification. Humid isolated 
carbonate platforms during sea level rise will be more open to normal marine waters, 
particularly in the leeward side. In the windward side, framework reefs will track sea level to 
form an asymmetrical body, where meteoric water influence is insignificant. On the deeper 
flanks, aragonite dissolution and calcite cementation are minimal. Water influx into the 
platform may be driven by thermal convection if the platform is large enough. This thermal 
convection may form marine dolomitization along the flanks (Moore, 2001). The porosity 
reduction is expected due to this dolomitization as the marine waters import Mg2+ as well as 
Ca+ and CO3 (Machel, 2004). On the windward side, porosity reduction by marine cement 
may occur, but the rising sea level may cause massive marine cementation. The active 
grainstone shoals on the leeward flank may display marine hard-grounds that reduce vertical 
conductivity. The platform interior is dominated by fine-grained biotic carbonates, where 
only minor porosity-modifying diagenesis may occur (Moore, 2001).  
  During sea level highstand (HST), the generation of new accommodation space 
tends to slowdown in the late highstands (Fig. 2.9 C). During this period, islands can form 
on the windward margin and porosity will be reduced by marine cements. On the leeward 
flank, high-energy grainstones may occur. However, marine cementation is limited to 
beach rock and marine hardground with little porosity impact. In situ fine muds generated 
in the lagoon can accumulate as small progradational tidal flats at the lagoonal margins 
(Moore, 2001).
 
2.6 Cenozoic carbonates in Sarawak 
2.6.1 Carbonate distribution
Cenozoic carbonates are distributed across both onshore and offhore Sarawak 
(Fig. 2.4). About 224 build-ups have been reported in onshore Sarawak (Gendang et 
al., 2006), while over 200 carbonate build-ups of different sizes and thicknesses have 
been seismically mapped in the offshore area. Onshore carbonates are older (late Eocene 
to early Miocene) than those in the offshore (middle to late Miocene). Time equivalent 
successions in adjacent areas, and as the middle to upper Terumbu Formation in the Natuna 
Basin , grew as broad carbonate shelves, isolated platforms and reef complexes on palaeo-
structural highs (Rudolph and Lehmann, 1989). Corals, coralline algae, echinoderms, 
mollusks and foraminifera are the main comstituents of these limestones (Dunn et al., 
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1996). The differences of various Cenozoic carbonates in Sarawak and surrounding areas 
in Borneo are summarised in Table 2.2.
The late Oligocene to Miocene of the Central Luconia Province offshore Sarawak 
demonstrates a good example of the interaction between carbonate and siliciclastic 
sediments due to eustatic and structural control. Stratigraphy of the area was established 
by Ho (1978) by recognition of eight sequences (termed Cycles I-VIII) that are bounded 
by maximum flooding surfaces (Galloway, 1989). The sediments consist of siliciclastic 
coastal plain and mixed siliciclastic/carbonate shelf sediments, which overlies a faulted 
substrate of Palaeogene and older deep-water sediments. In deltaic, the succession 
represents a transgressive-regressive supersequences upon which smaller-scale cyclicity 
is superimposed (Ho, 1978; Mohamed and Meng, 1992). 
The early part of the succession (Cycles I-III) comprises a transgressive sequence 
set which was dominated by regional subsidence. In basin margin areas, the sequences 
are bounded by tectonically-enhanced angular unconformities. The regressive portion of 
the supersequences (Cycles IV-VIII) comprises a progradational sequence set, which, 
in Central Luconia, is differentiated by distinct lowstand subaerially exposure surfaces. 
Although subsidence continued, late Miocene to Recent glacio-eustatic sea-level changes 
also influenced sequence development. Carbonate growth is symmetrically arranged 
around a zone of maximum regional flooding and strongly influenced by distance to 
siliciclastic sediment supply. Central Luconia is located between two major deltaic 
systems: (1) Baram Delta (to the NE), and (2) Rajang/Luconia Delta (to the SW). 
Carbonate growth was comprised when these deltaic systems encroached onto the Central 
Luconia Province. Siliciclastic sediments supply was controlled by uplift and erosion 
of the Borneo hinterland and increased progressively through the succession. Carbonate 
build-ups developed on various fault blocks, initially as ramps, which evolved into a 
range of tabular and pinnacle forms (Epting, 1980).Carbonate deposition was highly 
diachronous.  Carbonate deposition was in landward locations, while later carbonate 
deposition was more basinward. 
 2.6.2 Controls of Cenozoic carbonates 
  The initiation of carbonate deposition in Southeast Asia was mainly controlled 
by pre-existing structures, particularly basement highs (Wilson, 2002; Wilson et al., 
1999;  Fournier et al., 2004). During the Eocene to middle Miocene, isolated carbonates 
in Borneo grew on elevated fault blocks away from major clastic input and towards the 
western margin of the basin (Wilson, 2002). A similar observation was also made at the 
Bodgaya Island in eastern Sabah where the carbonate platform sits on top of the volcanic 
rocks (Pierson et al., 2010). Tectonic subsidence seems to be the dominant control of 
the accommodation space for carbonate growth. Faulting has segmented the platforms 
and caused localized drowning, uplift, tilting and, in some instances, sub-aerial exposure 
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(Wilson, 2002).
  Only limited information has been published on the factors that controlled 
carbonate growth in the Sarawak Basin. Tectonics played an important role in creating 
the horst and graben structures that served as the substrate for initial carbonate deposition 
(Coca, 2006). Morphological differences in the carbonate buildups are more evident 
along the palaeo-shelf margins. A distinct high is observed in the central part and dips 
gently towards the shelf edges. The host blocks are of variable size and display a general 
NE-SW trend. Relative sea-level changes are critical in carbonate growth as evidenced 
by the development of low-relief platforms in the south and higher relief build-ups in the 
north and also sub-aerial exposure and karst features. Shelf margin also plays a major 
role in controlling carbonate evolution. Carbonate deposition started slightly earlier at 
the shelf margin than any other areas in Luconia (Coca, 2006). These reefal growths 
continued until the end of the middle Miocene when carbonate deposition ceased due 
to prolonged sub-aerial exposure and subsequent drowning (Vahrenkamp et al., 2004). 
Tectonic movement shifted the build-ups to various degrees of tilting towards NE and 
possible isostatic rebounds during the period of carbonate deposition (Coca, 2006). Water 
depth at the time of deposition was deeper in the northeastern area and shallower in its 
southwestern area (Coca, 2006). 
 2.6.3 Carbonates in onshore Sarawak (late Eocene to early Miocene)
  The onshore carbonates in Sarawak have received negligible detailed attention, 
apart from reports by the Geological Survey of Malaysia (Wilford, 1955; Cummings, 
1961; Azemi and Rengga, 1999; Rengga and Dorani, 2000, 2002; Rengga et al., 2005; 
Gendang et al., 2006). In addition, there has been work on the general stratigraphy of the 
Batu Gading Limestone in the Middle Baram area (Adams and Haak, 1962; Haile, 1965), 
the Melinau Limestone near Mulu (Adams, 1965; Wannier, 2008) and the Keramit and 
Selidong Limestones (Adams and Wilford, 1972). The Subis Limestone has been used 
as an analogue for the Central Luconia carbonates by many oil companies but little has 
been published (Hussain, 1988; Hussain and Abdullah, 1989; Hussain, 1990). The limited 
work on sedimentology and diagenesis of the Subis Limestone was done earlier by Ali 
(1993). The most recent work highlights the geochemical results of limestone occurrence 
in relation to potential quarry sites (Gendang et al., 2006). Noad (1998, 2001) has studied 
the Gomantong Limestone near Sukau, which is a  Chattian to Aquitanian-Burdigallian 
accumulation (Boudagher-Fadel et al., 2000; McMonagle et al., 2011). 
  The limestone complexes in the north-eastern parts of the onshore area form 
part of the upper Eocene-middle Miocene sedimentary fill of the Sarawak Basin. They 
formed a broad shelf area that was developed during post-deformation and uplift of 
the Rajang Group (Haile, 1962). Several limestone bodies were deposited on this 
shelf; the earliest comprises late Eocene nummulitic banks of the Lower Batu Gading 
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Limestone (Adams and Haak, 1962) and the Lower Melinau (Adams, 1965). The Melinau 
Limestone represents a large, isolated, unrimmed carbonate system, which developed on 
an accretionary prism (Wilson, 2002). The Melinau Limestone (Gunung Mulu National 
Park) has been interpreted as a carbonate platform in a wedge-top basin (Wannier, 2008). 
He also integrated the published (Adams, 1965; Hailes, 1965; Adams and Haak, 1962) 
and unpublished data on the Batu Gading Limestone with the Selidong and Keramit 
(Adams and Wilford, 1972). The Oligocene carbonates were only reported at the Keramit 
and Selidong Limestones (Adams and Wilford, 1972). The early Miocene carbonates are 
more prominent and are represented by the Upper Batu Gading and the Upper Melinau 
Limestones to the east and the Subis Limestone to the west. Further to the northeast, 
shelf-edge carbonates have been reported that mark the margin of the open marine area 
(Agostinelli et al., 1990). 
There is no published information on diagenesis of the onshore carbonates, except 
by Ali (1993) on Subis Limestone. Major diagenetic differences are expected since the 
area has been subjected to uplift and exposure during and post early Miocene.  
 2.6.4 Carbonates in offshore Sarawak (middle to late Miocene)
  Initial studies of offshore carbonate were carried out by Sarawak Shell Berhad in 
the 1970s to 1980s. The stratigraphy and gross depositional environment was based on 
fossil assemblages (Ho, 1978), followed by the first sedimentological analysis (Epting, 
1980). This work concluded that reef architecture was primarily determined by the rate of 
skeletal carbonate production, subsidence, relative sea-level fluctuation, and the supply of 
clastic material. Termination of the carbonate platforms was caused by sea-level rise that 
exceeded the rate of carbonate production (Epting, 1980; 1989). Vahrenkamp (2004) stated 
that drowning occurs due to a combination of high tectonic subsidence and sea-level rise, 
while long periods of exposure were due to 2nd order sea-level fall caused by a decrease 
in subsidence rates due to tectonics. A study in the eastern Luconia margin concluded 
that termination was due to clastic influx during the progradation of deltaic sediments 
(Coca, 2006). The significance of isostacy in controlling the sedimentation of intra- and 
inter-platform was first published by Aigner et al. (1989). Sr isotope chronostratigraphy 
(Vahrenkamp et al., 1996; 1998) concluded that the carbonates in the Luconia area also 
started in early Miocene. Overgrowth and subsequence demise coincide with a 2nd order 
eustatic sea-level cycle, while the major karst and thicker flooding, aggradation and 
progradation packages are linked to 3rd order eustatic fluctuations. A study by Zampetti 
et al. (2003; 2004) demonstrated that syn-depositional faults controlled the geometry of 
the platform. Carbonate growth was terminated by drowning, as indicated by the smooth 
concentric seismic reflectors forming a convex mound (Zampetti et al., 2004). Different 
seismic image processing techniques have helped highlight key seismic geometries and 
facies distribution (Massaferro et al., 2003; Ho et al., 2003). 
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Karstification was first detected in the early phase of exploration when the 
majority of wells encountered various degrees of mud losses while drilling. A study of 
growth architecture, faulting and karstification of the Jintan mega-platform concluded 
that carbonate growth was terminated in several back-steps at the end of the middle 
Miocene (Vahrenkamp et al., 2004). Multistorey karst systems indicate repeated subaerial 
exposure, syn-depositional faulting and fracturing, with growth history involving 
progradation, backstepping, and collapsing of build-up flanks. The Jintan mega platform 
clearly images complex palaeo-cave systems with endokarstic cave morphology that 
comprises a dendritic vadose zone, indicating periods of prolonged sub-aerial exposure 
(Vahrenkamp et al., 2004). The images show similarity with modern analogues from the 
Lucayan Karst in the Bahamas (Coca et al., 2006). The lateral extent of vadose systems 
can be used for delineating the former shore line and the magnitude of sea-level drop 
associated with the sub-aerial exposures. Three major karstification events in the Central 
Luconia Province have been calibrated with the TB3.1, 3.2, and 3.4 sequence boundaries 
(Coca et al., 2006). 
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      Chapter 3
    Geological Setting of the Sarawak Basin
3.1 Introduction
  The Sarawak Basin is one of numerous sedimentary basins in SE Asia, and is 
located mainly along the NW margin of Borneo (Fig. 3.1). The Sarawak Basin (Hamilton, 
1974) is located mostly in present-day offshore Sarawak, where it contains up to 9 km 
of Neogene sedimentary rocks (Fig. 3.2). The Sarawak Basin is one of several peripheral 
basins located around the mountainous central core of Borneo, which represents an 
inverted area that has been progressively uplifted since the Oligocene (Fig. 3.3; Hall and 
Morley, 2004). 
  The basin narrows towards the northeast, where it merges with the contiguous 
Sabah Basin. The Sarawak Basin also extends westward to East Natuna and southward to 
onshore Sarawak (Fig. 3.2). The complex Late Cretaceous to Neogene geological history 
of the Sarawak Basin, including its underlying economic basement rocks, has resulted 
in several distinctive provinces and sub-basins (Fig. 3.4). In general, the oldest part of 
Borneo comprises a relatively small remnant of Palaeozoic to Mesozoic rocks, which 
outcrop in southern Sarawak and form part of a previously extensive continental platform 
area referred to as Sundaland, or the Sunda Platform (Fig. 3.3). This is unconformably 
overlain by intensely deformed Palaeogene to Early Neogene sandstones and shales of 
the Rajang-Crocker Fold-Thrust Belt, which forms the present-day, mountainous area of 
Borneo, separating Kalimantan from NW Borneo (Sarawak, Brunei and Sabah) (Fig. 3.4). 
The Neogene rocks of NW Borneo unconformably overlie the Rajang-Crocker Group, 
and occupy several sub-basins with highly distinctive tectono-stratigraphic characteristics 
(Fig. 3.5), which are briefly discussed later. 
  This study is focused on Neogene isolated carbonate platforms of the Sarawak 
Basin, which are most abundant within the Central Luconia (offshore) and Tinjar (onshore) 
Provinces (Fig. 3.5). As in other basins in Southeast Asia, the isolated carbonate platforms 
of the Sarawak Basin are very diverse in terms of their depositional characteristics and 
their tectono-stratigraphic setting (Epting, 1980; 1989). The most intensively studied 
examples are the middle to late Miocene carbonates in the Central Luconia Province, 
due to the occurrence of hydrocarbons. In contrast, early Miocene carbonates, which 
are predominantly located in the onshore part of the Sarawak Basin, have been largely 
neglected from detailed sedimentological analysis.
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3.2 Geological Setting of Sarawak
 3.2.1 Tectonic history 
  The tectonic evolution of Southeast Asia is complex, resulting from the interplay 
between three major plate systems: (1) Eurasian (or South China Block), (2) Indo-
Australian, and (3) Pacific (or Philippine) (Figs. 3.6). The island of Borneo is located 
centrally between these three actively interacting plates and the present-day stress field 
continues to reflect its anticlockwise rotation relative to the Sundaland Platform (Fig. 
3.7). This complex plate tectonic setting contributes substantially to the variable tectono-
stratigraphy of the study area. 
  The tectonic history of SE Asia has been established by many workers (Carye, 
1975; Katili, 1975; Hamilton, 1976, 1979; Taylor and Hayes, 1980, 1983; Holloway, 
1981; James, 1984; Ru and Pigott, 1986; Hutchison, 1988, 1989; Tan et al., 1990; Briais 
et al., 1993; Lee and Lawver, 1995; Hall, 1996, 1997).  The early models of Hamilton 
(1976, 1979) showed that the complex products of Neogene subduction systems resulted 
from the superimposition of diverse Palaeozoic, Mesozoic, and Palaeogene rifting 
and subduction events. Extensive tracts of Borneo comprise mélange deposits, which 
have been interpreted synonymously with subduction-related accretionary wedges, 
particularly the Rajang-Crocker accretionary prism (Fig. 3.6). The subsequent tectonic 
models of Taylor and Hayes (1980, 1983) and Holloway (1981) show active subduction 
of Mesozoic oceanic lithosphere through the Palaeogene, before becoming extinct by the 
middle Miocene, when the Luconia Shoal collided with NW Borneo Trough (Fig. 3.11; 
Hutchison, 1997). The model of Ru and Pigott (1986) accepts the evidence that West 
Borneo has rotated anti-clockwise (Schmidtke et al., 1990) but ignores the evidence for 
clock-wise rotation of Indochina (Achache et al., 1983). Hutchison (1997) adds that the 
Northwest Borneo-Palawan Trough was active in the Late Eocene, during southeastwards 
subduction of the Luconia and Balingian Provinces. Most of these tectonic models 
conclude that subduction continued until the early Miocene (Fig. 3.11) (Tongkul, 1987; 
Hutchison, 1996; James, 1984; Tjia, 1994). 
  The middle Oligocene to early Miocene was characterized by N-S extension 
and opening of the east sub-basin of the South China Sea (Taylor and Hayes, 1980).  A 
combination of data allowed Taylor and Hayes (1980, 1983), Chen (1987), and Briais et 
al. (1993) to produce a more refined South China Sea spreading history that is composed 
of NW-SE extension (32-30 Ma), N-S extension (30-26 Ma), and NW-SE extension (23-
16 Ma). Detailed reconstruction of the Borneo margin evolution by Tan and Lamy (1990) 
and Hazebroek and Tan (1993), based on off-shore subsurface data, inferred the following 
subduction history (Fig. 3.12): (1) the Late Cretaceous through to the late Eocene along 
the Lupar and Mersing Lines, and (2) the Late Eocene through to the middle Miocene 
along the Northwest Borneo-Palawan Trough (James, 1984). 
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  One of the most comprehensive models of the tectonic evolution of SE Asia 
is that of Hall (1997), which provides a relatively high-resolution reconstruction of the 
plate tectonic history of the region (Figs. 3.9 and 3.10). More specifically, the tectonic 
history of Borneo comprises an initial period of subduction along the NW Borneo margin 
(Fig. 3.9), followed by collision and a progressive, although intermittent, anticlockwise 
rotation (Fig. 3.10). 
  
  3.2.2 Geology and stratigraphy of Sarawak 
Stratigraphic framework  
  The oldest rocks in Sarawak comprise the West Borneo Basement (WBB) (Haile, 
1969; Hutchison, 1993), which includes middle Jurassic-Cretaceous plutonics (Williams 
et al., 1988). The WBB is the eastwards extension of Sundaland (Hutchison, 1989). 
The succession overlying the WBB was originally divided into several units, originally 
the Kuching, Sibu and Miri Zones, based mainly on rock types, sedimentary facies and 
tectonic history (Fig. 3.13) (Haile, 1969). These zones are all bounded by unconformities 
and tectonic lineaments, which in the past have been termed tectonic ‘lines’, mainly 
because of the facies and tectonic changes that occur across them (Fig. 3.14; Che Mat Zin 
and Swarbrick, 2002). In general, the stratigraphic and structural complexities of these 
zones decrease northwards.
  The Kuching Zone (Fig. 3.13) directly overlies the WBB and Sundaland 
continental terrane (Hutchison, 1989). It comprises Upper Carbonifereous to Triassic 
marine limestones (Bau Limestone), which are overlain by Jurassic-Cretaceous 
clastic sequences and occasionally intruded by Cretaceous granitoids. The latter are 
unconformably overlain by late Cretaceous to middle Miocene mixed terrestrial-marine 
clastic deposits. This zone also comprises deepwater sediments of the Lupar Formation 
(late Cretaceous), which are intruded by basaltic rocks and are overlain by the highly 
folded and weakly metamorphosed turbidites of the Belaga Formation (Wolfenden, 
1960). The Belaga Formation (late Cretaceous to Eocene) is part of the Rajang Group, 
which extends into Sabah as the Crocker and Trusmadi Formations and into Kalimantan 
as Selangkai Formation. The contact with the overlying Sibu Zone is marked by the Lupar 
Line (Fig. 3.14), where the NW-trending Lubok Antu mélange zone occurs (Tan, 1982; 
Haile et al., 1994).
  The Sibu Zone (Fig. 3.13) comprises  mainly deepwater deposits, which 
contrasts with the shelfal deposits of the succeeding Miri Zone (Haile, 1969). The Sibu 
Zone is separated from the Miri Zone by the Tatau-Mersing Line (Hutchison, 1989), 
which represents a major unconformity between the Belaga-Mulu-Kelalan formations 
(Rajang Group) and the overlying sediments of the Miri Zone. This unconformity is of 
late Eocene age, and is thought to have resulted from the collision of the Luconia Block 
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with the northern margin of Borneo. Hence, it represents a major phase of deformation 
(Hutchison, 1989). 
  The Miri Zone comprises the less deformed, overlying Oligocene-Miocene 
deltaic to marine sediments (Tatau, Nyalau, Setap Miri, Lambir and Tukau formations). 
These sediments are predominantly clastics with some isolated carbonate build-ups 
(Melinau, Subis, Suai and their equivalent limestones). The rocks in the Miri Zone are 
laterally equivalent to the lower part of the Sarawak basin-fill succession, which extends 
and thickens further offshore to form a major petroleum-bearing succession. 
  This onshore stratigraphic succession thickens rapidly westwards towards the 
centre of the Sarawak Basin, which is located offshore below the present-day Sarawak 
continental shelf (Figs. 3.15 and 3.17). 
  The offshore part of the Sarawak Basin contains a thick pile of sediments (>12 
km) that was initially supplied by erosion of the Rajang Fold-Thrust Belt (Fig. 3.4). The 
succession consists of eight major sequences (Cycles I-VIII, from older to younger), which 
are bounded by regional marine flooding surfaces (Fig. 3.15; Ho, 1978). This genetic 
stratigraphic framework was established by Shell based on the cycle concept, that was 
initiated in the Baram Delta Province (Ho, 1978). Each cycle is defined as outbuilding or 
regression period that is separated by rapid transgression and deposition of marine shale 
(Ho, 1978). 
  Sedimentary facies and thickness distribution was strongly controlled by tectonics 
until the middle Miocene, when basement-controlled subsidence took place with a hinge-
line close to the present-day coastline. The basin was later subjected to extensional and 
strike-slip tectonics that controlled the coastal-shelf progradation and passive continental 
margin outbuilding since the middle Miocene. The geological cross section of the basin 
covering the onshore and offshore areas is shown in Figs. 3.15 and 3.17. The stratigraphic 
scheme of the offshore Baram Delta is demonstrated in Fig. 3.16.
  
Paleogeographic evolution  
  The late Carboniferous-early Permian was characterised by shallow marine 
sedimentation (Terbat Formation; Madon, 1999). In the middle Permian-early Triassic, 
sedimentation was interrupted by a period of suturing followed by continental to shallow 
marine sedimentation (Sadong Formation; Hutchison, 1997). Basaltic volcanism (Serian 
Volcanics) occurred during the upper Triassic, followed by marine sedimentation 
(Pedawan Formation), which continued into the Jurassic and Cretaceous. During the early-
middle Cretaceous, deposition was locally interrupted by folding and igneous activity. 
Towards the east of the Lupar Line, deep marine turbidites (Belaga Formation) were 
deposited in the basin until the late Eocene, possibly associated with subduction (Fig. 3.9) 
(Hazerbroek and Tan, 1993). A similar succession characterises the Kelalan Formation, 
near Batu Gading, indicating widespread deepwater sedimentation across Sarawak. In 
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the late Cretaceous, western Sarawak was already uplifted, followed by the continental 
deposition of the Kayan Sandstone. This persisted into the Miocene with the deposition 
of the Silantik Formation (Hutchison, 1997).
Tectono-stratigraphic evolution
  The late Mesozoic-early Cenozoic evolution of Sarawak was dominated by 
subduction and collision processes in association with the closure of the Rajang Sea 
(Figs. 3.9 and 3.10). The Kuching and Sibu Zones are interpreted as accreted crustal 
materials as the Rajang Sea was subducted southwestwards beneath west Borneo (Haile, 
1969; Hutchison, 1996). The Miri Zone represents the onshore extension of the Sarawak 
Basin that developed during the late Eocene on the uplifted continental margin formed by 
the Kuching and Sibu zones (Madon, 1999). Since the middle Cretaceous, the WBB had 
become separated from Sundaland, with palaeomagnetic data from Sarawak indicating 
counter-clockwise rotation (Schmidtke et al., 1990; Fuller et al., 1991).  The general 
geology of onshore Sarawak is shown in Fig. 3.4.
  The onset of deposition in the Sarawak basin is defined by the base of the upper 
Eocene-Recent sedimentary succession that unconformably overlies the Rajang Group 
(Hazerbroek and Tan, 1993; Hazerbroek et al., 1994). It is a foreland basin that was 
formed after the collision of the Luconia Block with the WBB and after the closure of the 
Rajang Sea during the late Eocene (James, 1984; Hazerbroek and Tan, 1993; Hazerbroek 
et al., 1994). Che Mat Zin (1996) and Che Mat Zin and Swarbrick (1997) have interpreted 
it as a strike-slip basin based on structural styles and subsidence history. 
 
 3.2.3 Tectono-stratigraphic provinces and their structural characteristics
  The Sarawak Basin is divided into several distinct tectono-stratigraphic provinces 
on the basis of their distinctive stratigraphic and structural styles (Fig. 3.5).  The Central 
Luconia Province is bounded to the NE and SW by two major basement linked, tectonic 
lineaments: (1) the West Baram Line in the northeast, and (2) the Rajang Line in the 
southwest (Figs. 3.14). The southern boundary is marked by the Balingian Province, while 
to the northwest there is a sharp continental shelf margin with a steep slope (Luconia 
Slope) and an adjoining deep water basin (North Luconia Province). The structural style 
of the Central Luconia Province is characterized by NE-SW trending normal faults, 
palaeo-ridges and broad folds. Over 200 carbonate buildups have developed on top of 
this structural template (Fig. 3.18), of which 40 are proven gas fields with c. 45 Tscf of 
proven reserves (Coca et al., 2006). 
  The West Luconia Province (Fig. 3.5) is located in between the two major 
carbonate provinces: Central Luconia to the east and the Natuna Platform to the west. 
The SW Sarawak Province in the south is bounded by the Lupar Line to the southwest and 
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the Tatau-Mersing Line to the northeast (Fig. 3.5). The West Luconia Province represents 
a major deltaic depo-centre, which was infilled by the Rajang Delta complex (Hutchison, 
1997). It consists of two sub-provinces: (1) the West Luconia Delta, and (2) the West 
Luconia Rim. The West Luconia Delta is characterized by a northward prograding deltaic 
system, with E-W trending growth faults (Fig. 3.5). Middle Miocene carbonates are 
locally developed within this area (Madon and Abu Hassan, 1999).
  The North Luconia Province (Fig. 3.5) represents the northernmost part of the 
Sarawak Basin, extending just beyond the present continental shelf edge. It is underlain 
by thin continental crust and numerous carbonate banks, including the N-NE trending G10 
High, which separates North Luconia from NW Sabah (Fig. 3.5). The province consists 
of two sub-provinces: (1) the Rajang Slope, to the west, and (2) the Luconia Slope to 
the east. The Rajang Slope is characterized by basement-detached, E-W trending deltaic 
growth faults associated with the West Luconia Delta. The Luconia Slope is characterized 
by basement-involved, NE-SW trending normal faults, and N-NE trending faults parallel 
to the G10 High (Fig. 3.5). This province was affected by two major structural events: 
(1) a pre-Miocene extensional phase related to sea floor spreading, which was dominated 
by movement along basement-linked, high-angle normal faults, and (2) an early middle 
Miocene deformation phase, which resulted in the formation of the major, regionally 
extensive Middle Miocene Unconformity (MMU) and was related to cessation of sea 
floor spreading in the South China Sea Basin (Hutchison, 1982) and characterised by fault 
reactivation, detached normal faulting, and shale diapirism (Madon, 1999).
  The Balingian Province (Fig. 3.5) represents a collision and wrench zone between 
Central Luconia, Tinjar and the Rajang Fold-Thrust Belt Provinces. It is bounded to the 
north by the Central Luconia Province, to the west by the West Balingain Line, and to 
the south by the NW-trending Anau-Nyalau Line that connects to the Tatau Horst (Fig. 
3.5). The Balingian Province consists of the East and West sub-provinces, which are 
separated by the N-S aligned South Acis sub-basin. The east sub-basin is aligned along 
a NE-SW trend, while the west sub-basin has a NW-SE structural orientation. The NW 
trending folds in the west sub-basin are related to dextral wrench movements along the 
West Balingian Line during the Oligocene to Pliocene (Madon and Abolins, 1999). Early 
Miocene wrench faults dominate the western part of the Balingian Province (Swinburn, 
1993), whereas late Miocene deformation occurred mainly in the eastern Balingian 
Province (Doust, 1981; Ismail and Abu Hassan, 1999). 
  The onshore Tinjar Province is separated from the offshore Balingian Province 
by the NE-SW to ENE-WSW Anau-Nyalau fault (Figs. 3.4 and 3.5) and comprises 
upper Eocene to upper Miocene successions (Leichti et al., 1960). The NE-SW trending 
structures were formed during the early to late Miocene deformation (Madon, 1999). The 
NW-SE anticlinal structures and faults of the Tatau Horst, the Arip Pelagau Anticline and 
the Dulit Range resulted from southeasterly-directed plate subduction due to opening of 
the South China Sea (Doust, 1981; Scherer, 1981; James, 1984). The dominant structures 
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comprise regional transform faults, folds and NNE-SSW faults (Intera, 1993; Tjia et al., 
1997). Wrench-related structures formed during the early Miocene were re-activated in 
the late Miocene (Madon, 1999). 
  The Tatau Province (Fig. 3.5) lies between the Balingian and SW Sarawak 
Provinces. It is separated from the Balingian Province by the NW-trending West Balingian 
Line and from the SW Sarawak Province by the western extension of the Tatau-Mersing 
Line (Fig. 3.5). The province is characterized by NNW-trending normal faults, most of 
which are downthrown to the southwest. This province is subdivided into the SW Luconia 
and Half-Graben sub-provinces (Figs. 3.5 and 3.14). The Half-Graben sub-province 
consists of NE Half-Graben and SW Half-Graben. The Mukah and Igan-Oya Grabens are 
regarded as the outcropping extensions of these grabens, which are separated by the Sirik 
High (Fig. 3.5) (Madon, 1999; Che Mat Zin and Swarbrick, 1997).
  The West Baram Line represents the southwestern margin of the Baram Delta 
Province (Fig. 3.5), which is characterized by a major northwestward prograding 
deltaic system that has been active since the Middle Miocene. This area is characterized 
by extensive basinwards-dipping growth faults and, in places, basement-linked and 
landward-dipping counter regional growth faults. There are no carbonate build-ups found 
in this province due to the dominance of siliciclastic deltaic deposition.
 3.2.4 Palaeogeographic evolution of Sarawak
  The palaeogeography of Sarawak has been documented by numerous workers (e.g. 
Scherer, 1980; Hageman, 1986; Tan, 1986; Fulthorpe and Schlanger, 1989; Agostinelli 
et al., 1990; Rice-Oxley, 1991; Ting, 1992; Che Mat Zin and Swarbrick, 1997). More 
regional palaeogeographic maps of Borneo were developed by Wilson and Moss (1999), 
while the most recent palaeogeographic evolution of the Sarawak Basin was established 
by Taylor et al. (1997) (Fig. 3.8). However, these palaeogeographic maps are very limited 
in their illustration of carbonate development. 
  In most cases, the Neogene palaeo-coastline was structurally-controlled, mainly 
due to active extensional tectonics throughout most of the late Oligocene to early 
Miocene. The palaeo-coastline orientation has changed gradually from NW-SE during 
the late Oligocene-early Miocene (Cycle I, as defined by Ho (1978)) to NE-SW during 
the middle Miocene (Cycle III). During Cycle I, the coastal plain area (to the SW) passed 
basinwards to the NE into the central shelf of the Central Luconia Province. This province 
was already high during this time and comprised a shallow shelf sea with carbonate shoals 
and banks (Madon, 1999). During the Oligocene, two embayments were present with 
bathyal water depths in the northwest (west of Central Luconia) and in the southeast, near 
the Miri-Suai area (Madon, 1999). Sediments were supplied to the basin through deltaic 
progradation from the south across the shelf (Haile, 1969). The West Baram Line appears 
to have played a major role in controlling sedimentation, forming the palaeo-shelf edge 
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in the eastern part of the Sarawak margin. During Cycles I and II (late Oligocene to 
early Miocene), the western Sarawak margin was an uplifted area (the Penian High) and 
subjected to extensional tectonism. The tectonic movements resulted in the uplift of horst 
blocks and subsidence of intervening grabens (Madon, 1999). 
  The first widespread development of carbonates (Fig. 3.18) occurred initially in 
the central Sarawak Shelf (covering present-day onshore area) during the early Miocene 
(Cycles I-II,) and, subsequently, in Central Luconia Province during the middle to late 
Miocene (Cycles III-V). Carbonate distribution in the Central Luconia Province during 
the early Miocene is still poorly known as only two wells have penetrated pre-Cycle 
III carbonates. Carbonate growth in Central Luconia was contemporaneous with deltaic 
sedimentation on either side of the province: (1) the West Luconia Delta to the west, 
and (2) the Baram Delta to the east (Fig. 3.8). The earliest carbonate growth occurred 
during the early Miocene on the northernmost G10 horst structure (Figs. 3.8 and 3.18). 
Carbonate deposition ended towards the end of the Late Miocene due to a combination of 
drowning (Epting, 1980), prolonged subaerial exposure (Vahrenkamp et al., 2004), and 
gradual submergence (Zampetti et al., 2004; 2006). Major sea-level falls and associated 
high sedimentation rates during ensuing deltaic progradation at the end of the Middle and 
Late Miocene ended carbonate deposition and marked the beginning of  regressive clastic 
sedimentation: (1) the Baram Delta began to fill the eastern part of the West Baram Line, 
while (2) the West Luconia Delta prograded northwards from SW Sarawak into the North 
Luconia Province. Cycle V clastic sediments are observed on seismic to onlap onto the 
carbonate build-ups, implying the passive infilling of the inter build-up depressions by the 
siliciclastic sediments.
  The overall relationship between the studied carbonate buildups, stratigraphy and 
tectonics of Sarawak is highlighted in Figs. 3.19 and 3.20.
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Chapter 4 
Research Materials and Methods
4.1 Data and materials used 
This integrated research was conducted using a combination of sub-surface data 
provided by PETRONAS and surface outcrops from the Subis, Suai, Bekenu and Batu 
Gading Limestones.  These materials and data used include: 
•	 Regional and localized seismic sections across the offshore Sarawak and the studied 
platforms. Selected seismic sections across the offshore carbonate platforms were 
also used to measure the angle and dipping direction of windward and leeward slopes 
of the build-ups. The quality of these seismic sections are reasonably good. However, 
the onshore seismic quality is poor and finally decided not to use for this study.
•	 Wireline logs (Gamma-Ray, Sonic, Density, Neutron) from seven offshore wells that 
represent FB, FM, EK and FW build-ups. These platforms represent the Cycles I to V 
sequences (Oligocene to late Miocene). 
•	 Suit of old logs from three onshore wells, namely as SU-5, SB-2 and EN-1, to represent 
the onshore Cycles I-II carbonates. These wells were used for comparison with the 
nearby studied outcrops. 
•	 Core data from seven offshore wells from FM, EK and FW build-ups. The total core 
length is approximately 4886 ft (1508 m). 
•	 Several outcrops in onshore Sarawak that represent the Batu Gading, Subis, Suai 
and Bekenu Limestone complexes. The lower Batu Gading Limestone is late Eocene 
(pre-Cycle 1) in age, while the upper part represents an early Miocene (Cycles I-II) 
section. The rests of the limestone complexes represent the early Miocene age.
•	 Thin sections for petrographic analysis. A total of 280 slides were selected and 
prepared from FM, EK and FW cores from offshore carbonates, while another 250 
slides were chosen from the onshore Batu Gading, Suai, Subis and Bekenu Limestone 
outcrops.  
•	 Samples for chemical analyses. Thirty (30) slides  were  prepared  for 
cathodoluminescence microscopy (CL), 10 samples for X-Ray Diffractometry (XRD) 
and 8 samples for Scanning Electron and Back Scattered Electron Microscopy (SEM/
BSEM). Eight samples were selected for elemental analysis using electron microprobe. 
•	 Isotope Analyses: A total of 18 samples from onshore and offshore carbonates were 
chosen for Strontium isotope analysis, while another 20 samples from different phases 
of calcite and dolomite cements were selected for stable carbon and oxygen isotope 
analyses. Additional 5 samples were selected for sulphur isotope analysis. The list of 
samples for various analyses is given in Appendix 4.1.
111Chapter 4 - Research Materials and Methods
•	 Other public domain information to support the study. 
4.2 Methods 
  The methods employed in each part of the research areas are described below. 
 4.2.1 Factors controlling carbonate development and distribution 
Factors controlling carbonate growth in the Sarawak Basin were identified by 
analysing and interpretating new regional seismic lines, wells, cores, outcrops and public 
domain information. Superimposition of basement structures and distribution of isolated 
build-ups would determine whether tectonic structures play a major role in controlling 
these carbonate development. Windward and leeward slope measurements of platforms 
would determine whether the palaeo-wind direction controlled the platform’s orientation.
Evidences from regional and localized seismic sections within the study area were used 
as basis for establishment of carbonate growth model. 
Detailed analysis of sedimentology, facies/microfacies and variability of biota 
systems in each platform was carried out to validate the relationship between platform 
geometry, internal architecture and palaeoecology/palaeooceanography. The appearance 
of subaerial exposure surfaces during major global sea-level falls was examined and 
dated using fossil assemblages and/or strontium isotope techniques to clarify the roles 
of eustacy in controlling the carbonate growth. The analysis of carbonate producers 
(photozoan vs heterozoan – James, 1997; Halfar et al., 2004; Brandano et al., 2009), biota 
systems (Pomar, 2001), and shape and size of larger foraminiferal assemblages (Muller, 
1977; Leutenegger, 1984; Hallock, 1986) in different platforms were done qualitatively 
to understand whether palaeoecology (Brandano, 2009; Pomar et al., 2004), nutrient 
level (Hallock, 1982, 1986; Hallock and Schlager, 1986; Bickeland, 1977; Hallock, 1982, 
1986; Mutti and Hallock, 2003; Pomar et al., 2004), seawater composition and carbonate 
saturation stage (Hallock, 1996), temperature that was affected by ocean circulation (Less 
and Buller, 1972; James, 1977; Halfar et al., 2004) and salinity may have control the 
biogenic sediment formation of these build-ups. The ecological factors like water depth 
and nutrient level were qualitatively determined using coralline algal and foraminiferal 
assemblages (Brandano, 2009). Test shape variations based on thickness to diameter 
ratio (T/D) of the larger benthic foraminifera (Amphistegina, Eulepidina, Cycloclypeus, 
Lepidocyclina) were qualitatively used to constrain the bathymetry, modified from the 
model on Amphistegina established by Mateu-Vicens et al. (2005). The nutrient flux 
analysis was based on the integration of biotic and sedimentological characteristics. 
Organism diversity and abundance can be related to tropic resource levels at the time of 
deposition (Hallock, 1987; Brasier, 1995). Nutrients are relatively poorer in oligotrophic 
and richer in eutrophic conditions and these changes would affect the turbidity of the 
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water column and the characteristics of the substrate (Hallock, 1987).
Refinement of palaeogeographic maps in Sarawak was done based on information 
collected and interpreted from many wells and validated by seismic sections (Figs. 4.1 
and 4.2). For each stratigraphic interval, the depositional environments were interpreted 
based on seismic facies and log motifs, and validated using biostratigraphic data from 
each well. The information from different wells would then be integrated regionally using 
seismic to establish the palaeogeographic maps. 
 4.2.2  Sedimentology of the onshore and offshore carbonates
Carbonate cores and outcrops were described to study their texture and composition 
based on Folk (1959), Dunham (1962), Wright (1992) and Embry and Klovan (1971) 
classifications. The main sedimentary structures and fossil assemblages were described 
under binocular microscope. Mineralogical evolution of benthic and planktonic 
foraminifera was based on Morse and McKenzie (1990). Porosity was described and 
classified based on Folk (1959), Dunham (1962), and Choquette and Pray (1970). 
Petrophysical classification of carbonate inter-particle pore space and grain sorting was 
based on Lucia (1995) and Archie (1952). Sequence stratigraphic analysis was described 
based on schematic model of an isolated carbonate platform of Epting (1980), Emery and 
Myers (1996), Fournier et al. (2004) and Louck et al (2006). The basic accommodation 
model featuring varying eustatic cycles at different subsidence rates over time was based 
on Posamentier et al. (1988). 
Foraminiferal identification was based on Cushman (1956). The fossil 
identification for selected marker beds was made by or in consultation with Dr Michelle 
Boudagher-Fadel. The study intended only to identify up to genera level. However, some 
larger foraminifera such as Eulepidina and Cycloclypeus were identified up to species 
level to provide significant information about the age, depositional environment and 
palaeoecology. The distribution of major foraminiferal groups in Cenozoic reef associated 
environments (Hallock, 1986) and the idealized distribution of modern reef-associated 
foraminifera (Brazier, 1975; Hallock, 1980, 1983; Reiss and Hottinger, 1984) were used 
as a reference. Standard carbonate facies of Wilson (1974), Hallock (1986) and Flugel 
(2004) were used for microfacies analysis.  
The results were synthesized and interpreted in an integrated fashion. Facies 
description and fossil assemblages were used to interpret the depositional environment, 
possible ages, sequence development history and depositional models of each of 
the platforms. Biota systems, their morphology and size were used to determine the 
palaeocological conditions during deposition. The data were integrated with logs and 
seismic sections (when applicable) to model the climatic conditions of the Cenozoic 
carbonates within the Sarawak Basin.  
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  4.2.3 Integrated diagenesis of onshore and offshore carbonates
  Diagenetic study involved the integration of various laboratory analyses. The 
detailed laboratory methods and procedures are given below. 
  (i) Petrography
 Petrographic examination was performed on standard 30 micron-thick thin 
sections impregnated with blue epoxy resin for identification of mineral, texture, fossils, 
cement morphology and diagenetic features of the limestone. Thin sections were stained 
with Alizarin Red-S and K-Ferrocyanide to easily differentiate calcite from dolomite, and 
ferrous calcite from ferrous dolomite. The thin sections were analyzed under transmitted 
light using an Olympus BX-51 polarizing microscope. Cement morphology and cross-
cutting relationships associated with fractures and mineral replacements can provide the 
relative timing of each cementation and replacement event (Moore and Druckman, 1981). 
This relationship can also be used to determine the timing of porosity-modifying events 
relative to general paragenesis of the sequence (Moore, 2001). The crystal morphology 
terminologies (Dunham, 1971; Tucker and Wright, 1990; Moore, 1985, 1989) and 
diagenetic environment terminologies are used in this study. The analysis was done 
mostly at PETRONAS Research laboratories.
  (ii) Cathodoluminescence microscopy (CL) 
Cathodoluminescence microscopy (CL) was performed to differentiate various 
phases of calcite and dolomite cements, which were often difficult to view under the 
normal polarizing microscope. The CL analysis was performed on polished thin 
sections using a CITL CL8200 MK5 and ELM-3R cold luminoscopes. The observation 
was made at 15 kV and 280 mA operating conditions. Under the CL view, different 
phases of cementation would normally give different reflective colours and commonly 
recorded as non-luminescent, dull, bright, moderately bright or bright yellow, orange 
or red colours. The same cement morphology as seen under the normal polarizing 
microscope occasionally displays multiple zones or colours that might represent different 
compositional sectors, attributed by different elemental composition. The CL zone is used 
as a basis to differentiate cementation stage. Subsequently, elemental, fluid inclusion and 
stable carbon and oxygen isotope analyses were performed based on these CL zones 
as a base map. The CL analysis was carried out at different laboratories; PETRONAS 
Research, Panterra and Katholic University of Leuven (KUL). 
The CL photomicrographs shot at different times might give a slightly different 
interference colour as the thinner thin sections might get burnt easily shortly after being 
116 Chapter 4 - Research Materials and Methods
exposed to X-ray beam. A slight difference in operating condition and repeated analyses 
using the same slide would also give different intensity of colours.
  (iii) X-Ray Diffractometry (XRD) 
Bulk and clay analyses were performed to identify and quantify the presence of 
different minerals and clay types. Whole rock XRD analysis was performed on powdered 
samples that were prepared earlier in a Tema mill using acetone to minimize structural 
grinding damage. The resulting slurry was dried and the powdered samples were packed 
firmly into a back-loading powder mount. These samples were scanned on a Philips 
PW1800 automated X-ray diffractometer using Ni-filtered CuKa radiation. The powdered 
samples were scanned at a rate of 2 seconds per 0.02° step width, using 0.3mm slits from 2 
to 70° 2Q. For mineral quantification, weighting factors were calculated for each mineral 
from the reflection intensities of known mineral mixtures. This was done for a range 
of abundances as some minerals have shown non-linear trends. The most appropriate 
weighting factors were then chosen for the sample being analyzed. The whole rock and 
clay fraction analyses give the relative weight percentages of all crystalline minerals 
identified in the bulk sample and the clay fraction extracts, respectively. Percentage of 
illite in illite/smectite was estimated by using the tabled data in Moore and Reynolds 
(1997). Each mineral commonly has an extensive suite of reflection peaks in the XRD 
trace. The position of these reflection peaks commonly overlap with other minerals, 
although some of the peaks may be characteristic for a single mineral. For displaying 
of the traces, one characteristic peak and its Ångstrom spacing is marked on the traces 
for each of the identified minerals. The XRD analysis was performed at PETRONAS 
Research Laboratories.
  (iv) Scanning and back-scattered electron microscopy (SEM/BSEM) 
3D imaging of carbonate minerals and pores was performed using a Scanning 
Electron Microscope (SEM) on small samples which were earlier coated with carbon. 
However, for back- scattered imagery (BSEM), highly polished thin section coated with a 
thin layer of carbon is required to observe the cements with different compositions. Porosity 
was classified and visually estimated by using Choquette and Pray (1970) classification 
scheme. Rock classification was based on Wright (1992) and this classification derived 
from Dunham (1962) and Embry and Klovan (1971) with in additional terms for 
classifying rocks that underwent severe diagenesis. Relative timing of diagenetic products 
was determined based on crosscutting relationships of various stages of cements. The 
analysis was performed at PETRONAS Research and Panterra laboratories.
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  (v) Elemental analysis using electron probe micro-analyser (EPMA) 
EPMA analysis was performed on the same samples used for cathodoluminescence. 
The instrument consists of a Cameca SX 100 and JEOL JXA 8800M Electron Microprobe 
equipped with 4 Wavelength Dispersive Spectrometers and an EDS, respectively. 
Measurements were made at 20 kV accelerating voltage with a beam current of 2.0 x E-8 
A. Ca, Mg, Mn, Si, Fe, Na, Cl, S, and Sr elements compositions were measured. Counting 
times were 5 seconds background and 10 seconds peak for Ca and Mg; and 30 seconds 
background and 60 seconds peak for the rests of the elements. For correction factor, 
ViRoZet matrix correction was used rather then the ZAF correction as the ViRoZet is 
more suitable for measuring lighter elements. The EPMA analysis was conducted at the 
University of Malaya and Delft University laboratories. 
The probe beam size is approximately 5 microns in diameter. If the thickness of 
compositional zones as seen under the CL is <5 microns, the measurement of elemental 
compositions within that tiny zone is not possible. By forcing the measurement, the results 
might not be reliable as they might represent an average composition of various cements.
  (vi) Stable carbon and oxygen isotope
Stable carbon (δ13C) and oxygen (δ18O) isotope analyses were performed to 
determine the origin of carbon, diagenetic environments and precipitation temperature of 
each cement stage. The δ18O value of the measured sample is expressed by the following 
equation.
                             [(O18/O16)sample - 1] 
δ18O sample =      _________________  X 1000
                             [(O18/O16) standard]
The δ18O values are temperature dependant, therefore, the δ18O values of the water from 
which they precipitated could also be used as a geothermometer. The δ13C values can 
determine the origin of carbon in each cement stage and it is not dependent on temperature. 
Samples for isotopic analysis were collected on 100 mm-thick sections using a 
New Wave Research MicroMill equipped with a stereo microscope to allow up to 40 times 
magnification. Sampling resolution was about 30 mm. The δ18O and δ13C isotopic ratios 
are expressed as δ18O and carbon δ13C per mil versus the Cretaceous Peedee Belemnite 
standard (PDB), which has δ13C and δ18O values of zero. The δ18O and δ13C ratios were 
measured on an automated carbonate preparation line coupled to a Finnigan MAT 251 
mass spectrometer. The mean external reproducibility of powdered carbonate standards 
for carbon and oxygen isotopes is ±0.2.  The analyses were performed at the CSIRO 
laboratories.
Isotopic micro-sampling is extremely critical as the sampling of the different 
stages of cement was done based on CL compositional zones. If the CL zone is smaller 
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than the microdrill bit, proper sampling cannot be done as the samples might contain 
bulk samples of different zones. As a consequence, the isotopic results obtained from the 
analyses did not represent any one of those zones. Similar concern applied to Strontium 
isotope analysis.
  (vii) Strontium isotope
  
  Strontium isotope analysis determines the absolute dating of the carbonate rocks 
or some diagenetic minerals. The analysis was performed at the CSIRO laboratories. 
This method measures the 87Sr/86Sr value of minerals that precipitated from seawater. 
The measured 87Sr/86Sr ratio of the analysed sample was then compared with the 
calibration curve showing the variation in 87Sr/86Sr of seawater that occurred throughout 
the Phanerozoic (McArthur and Howarth, 2004). The 87Sr/86Sr ratios could also be used 
to absolutely date diagenetic events such as dolomitzation, only if it precipitated from 
marine waters without subsequent recrystallization. If the age of the sediment is known, 
the difference in values from the marine signature can then be attributed to diagenetic 
alteration by younger seawaters or non-marine fluids diagenesis. 
Samples were collected using microdrill from thick rock sections. Chemical 
preparation was conducted in teflon beakers that was cleaned twice in distilled acids. 
Samples were weighted in beakers and leached in acetic acid to take out the calcite (1 N 
HCl was used in the case of dolomite). Sample weights equivalent to approximately 1 
microgram Sr was processed. Solutions were centrifuged at 10,000 rpm for 10 minutes 
in cleaned centrifuged tubes. The solution was decanted with cleaned pipettes and loaded 
onto ion exchange columns. Strontium was retained by using 0.15 ml of SrSpec resin. 
Samples were diluted in 30 column volumes of 2N HNO3. Strontium was taken out from 
the column in water. The solutions were dried down and nitrated twice with drops of 
18 N HNO3. Half of the samples were dissolved in 2N HNO3. The samples were then 
measured on a Finnigan MAT RPQ-plus thermal ionisation mass spectrometer. Strontium 
was measured as Sr+ ions produced from Re filaments that were pre-cleaned and out-
gassed in a vacuum oven by passing 4.5A current through each filament to ensure that 
no elements remain on the surface of the Re filament. The samples were loaded with an 
ionisation enhancer solution of TaF-TaCl and H3PO5. The solution was designed to form 
a ceramic through which the Sr diffuses. The samples were measured in a sample holder 
that contained 13 positions (12 samples and 1 standard). Vacuum in the source was < 7 x 
10-8 and 10-8 in the analyzer tube. 
Samples were gradually heated to 1450oC over a period of 40-60 minutes. Sr 
reaches the surface of the ceramic at high temperatures (circa 1450oC) so that Sr+ ions are 
readily produced due to the large electron flux from the Re filament. Over the analysis 
period, approximately 2% of Sr was ionised and detected in the Faraday collectors. 
Analyses were performed in a dynamic routine whereby the magnet was switched three 
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times so that the Sr-isotopes were measured in three separate Faraday collectors. The data 
were normalised for mass dependant fractionation to 86Sr/88Sr of 0.1194. Due to 86Sr/88Sr 
ratio of 0.1194 being constant, four 86Sr/88Sr ratios were measured and combined into a 
single ratio and any non-linearity in the collectors was effectively cancelled out. One 
hundred cycles were performed in a single measurement. Typical run statistics were better 
than ±10. Seven analysis of the standard NBS-987 yielded 86Sr/88Sr values of 0.710242 ± 
0.000009 (2-standard deviations). 
  (viii) Fluid inclusion microthermometry (FIM)
FIM was conducted to constrain diagenetic environments by directly measuring 
the minimum precipitation temperature of the diagenetic phases and the salinity of the 
precipitating fluids. Standard FIM study involved petrography and microthermometry. 
Fluid inclusions petrography was conducted to determine the types of inclusions that 
diagenetic phases may contain. An accurate data reveals if the inclusions are primary or 
secondary in origin, their composition (aqueous vs hydrocarbon), and if they underwent 
some forms of alteration. The results provide indications on whether the diagenetic 
phases were formed at low (phreatic and vadose) or elevated (burial) temperatures. 
Microthermometry involves the measurement of homogenisation temperature (Th) of the 
inclusions that represents the minimum temperature of entrapment and the final melting 
temperature of ice (Tm) that can be converted into salinity of the precipitating fluids. 
Fluid inclusion petrography and microthermometry were performed on unstained, 
double-polished 150 micron-thick sections. During sample preparation, overheating was 
avoided and temperature was kept below 50°C. For identification of hydrocarbon inclusions, 
thin sections were checked under Ultra Violet epifluorescence. The fluorescence system 
was mounted on the same microscope used for standard petrography and equipped with 
a 100 W mercury lamp, a 330-385 nm wideband excitation filter, and a 420 nm barrier 
filter. Petrography was mainly based on fluid inclusion assemblages that represent the 
most finely discriminated and associated groups of fluid inclusions. Presumably those 
inclusions were trapped at about the same time (Goldstein and Reynolds, 1994). After 
identifying fluid inclusion assemblages, Th and final Tm were measured using a Linkam 
“Geology System” cooling/heating stage. The stage was calibrated with synthetic pure 
water and CO2 inclusions. Low heating rates were used when measuring the Th. Low-
temperature phase changes were measured after all the Th in a sample had been measured. 
Most of the Th and final-Tm were measured by cycling (Goldstein and Reynolds, 1994). 
In all-liquid inclusions, attempt to generate bubbles to measure Tm were made by cooling 
the sample to -100ºC and holding the temperature for at least 2 minutes or keeping the 
sample at -10ºC for 5 days. This procedure stretches the fluid-inclusion cavities and allows 
the bubble to nucleate to obtain final Tm measurements. The analysis was conducted at 
the PETRONAS Research and Panterra laboratories.
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4.3 Standardization of cement terminologies
In applying and integrating the data from the above analyses, three terminologies 
will be used to describe cement stratigraphic units (Ali, 1995). A stage is the primary 
unit of cement stratigraphy, which is characterized by mineralogical homogeneity and 
distinctive geochemical features from adjacent cements. Stage-level cements correspond 
to major textural differences and are correlatable over a large area. A substage is a part of 
the stage which is characterized by distinctive compositional changes. It is a conformable 
cement unit, locally correlatable but often discontinuous on a basin-wide scale. A zone 
is the smallest individual unit of cement stratigraphy, essentially homogeneous and is 
correlatable within a small area or cavity.
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Chapter 5
Controlling Factors for Carbonate Growth and 
Palaeogeographic Refinement of the Sarawak Basin 
5.1 Introduction
  The late Oligocene to late Miocene was a period of widespread carbonate 
deposition in Southeast Asia (Epting, 1980; Furthorpe and Schlanger, 1989; Wilson, 
2002). In Sarawak, these carbonates were developed on a passive continental margin of 
the Luconia Shoal that extends 250 km from the present day coastline into deepwater 
area (Fig. 5.1(1)). Large areal extent, tectonic stability and a rising sea-level during 
transgression on the continental margin of Sarawak provided an ideal setting for thick 
shallow water carbonate build-up development (Haq et al., 1987; Berggren et al., 1985). 
In the literature, much has been said about the trends and possible controlling factors 
for carbonate growth, architecture and distribution in many regions. This includes 
tectonics and basement structures (Cyprus - Follows et al., 1996;  Greece – Poulimenos 
and Karkanas, 1998; Spain - Benedictis et al., 2007; Gulf of Suez – Bosence et al., 
1998), sea-level changes (eustacy) and palaeotopography (Spain - Johnson et al., 2005; 
Pomar and Ward, 1994; NW Great Bahama Bank – Eberli and Ginsburg, 1989; Greece 
– Hansen, 1999; Sorbes Basin, Spain – Braga and Martin, 1996; Carbo De Gata, Spain 
– Franseen et al., 1998; Mallorca, Spain – Pomar, 1991; Mauritius – Montaggioni and 
Faure, 1997), palaeoclimate (Sun and Esteban, 1994; Gulf of Biscay, Spain – Gawenda 
et al., 1999), changing oceanography (Western Australia – James et al., 2004; Gulf of 
California, Mexico – Halfar et al., 2006), environment (Western Mediterranean – Pomar 
et al., 2004), nutrient and temperature (Gulf of California, Mexico – Halfar et al., 2004), 
salinity (Sheu and Burkart, 1980) and palaeobathymetry (Lees, 1997). In Southeast Asia, 
similar observations were also made by other workers (Scrutton, 1976; Fulthorpe and 
Schlanger, 1989; Wilson and Bosence, 1996; Bosence, 1998; Grotsch and Mercadier, 
1999; Wilson and Evans, 2002; Fourier et al., 2003; James et al., 2003; Benedict et al., 
2007). However, the controlling factors for the development of the specific Cenozoic 
carbonates in the entire Sarawak Basin have not been partially addressed only by a few 
workers (Epting, 1980, 1989; Fulthorpe and Schlanger, 1989; Vahrenkamp, 1997, 2004; 
Coca, 2006; Van Vliet and Krebs, 2009). Therefore, this chapter aims at identifying and 
documenting the evidences for processes that controlled the growth, architecture and 
distribution of the isolated carbonate build-ups and establishing a model to explain the 
carbonate growth within the basin. The occurrence and distribution of these carbonate 
build-ups during Cenozoic would be used to further refine the palaeogeography of the 
entire Sarawak Basin.
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(A) – Palaeo-structural highs (Pre- TB1.5; Cycle I) (B) – Sedimentation during the TB1.5 time (late Cycle I) 
Fig. 5.1(2) (A) Major palaeo-structural highs created by the earlier rifting during the Pre-TB1.5 time as observed on 
seismic sections. The structures oriented NE-SW and changed to NNW-SSE northwards. (B) During the TB1.5, the 
lowland areas had been filled with clastic sediments coming from the Penian High area. Some Oligocene-early 
Miocene carbonates started to develop onshore near the Suai and offshore in the northern regions. The palaeo-ridges 
and structural highs remain uncovered during this period. (C ) The low land areas in between the palaeo-ridges were 
infilled by the subsequent sediments during the TB2.1 and TB2.2 times. (D) The sedimentation was also controlled by 
the West Baram Line that separates the Central Luconia from the Baram Delta Provinces. Carbonates were extensively 
developed along the palaeo-coastline where the Suai Limestone is located. The Balingian Province remained high at the 
time. (Modified after Taylor et al., 1997).     
(C) – Sedimentation during the TB2.1 (early Cycle II) (D) – Sedimentation during the TB2.2 (late Cycle II) 
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5.2 Characteristics of carbonate build-ups in the Sarawak Basin
 5.2.1 Build-ups morphology 
  Although some seismic sections from the Central Luconia Province have been 
published, the morphology of the build-ups has not been fully described (Epting, 1989; 
Vahrenkamp, 1996, 2004; Zampetti et al., 2003). Based on seismic expression, two 
distinctive carbonate morphologies were recognized; flat-top platform- and high relief 
conical pinnacle-types (Fig. 5.2). The flat-top carbonate platform (i.e. FW, Fig. 5.2) is a 
build-up with a single crest and asymmetrical dipping flanks often developed on fault-
bounded regional highs. In contrast, the pinnacle-type (i.e. FM and EK, Fig. 5.2), is a high 
relief conical shape build-up with multiple crests and very steeply dipping flanks often 
associated with carbonate ‘stringers’ that extend into the surrounding siliciclastics. The 
term ‘stringers’ has been used to describe a thin carbonate layer that occurs intermittently 
with siliciclastic sediments at the margin and slope of the platforms as also used by other 
workers (cf. Epting, 1980; 1989; Zampetti et al., 2002, 2004; Wright an Burchette, 1993). 
The pinnacle build-up was formed in marginal and basinal areas where the subsidence 
was relatively higher and the build-ups have to reduce their size in order to keep pace 
with a sudden rise in sea-level (Epting, 1980). The tops and bases of these carbonate 
build-ups are poorly defined as the flank areas are complicated by their steepness and 
stringers development (Fig. 5.2). Seismic vintages acquired over these build-ups did not 
allow an accurate flank definition, which is believed to be the main cause of volumetric 
underestimation. As the build-ups were initiated and terminated at different times, they 
are difficult to correlate from the seismic alone without having good well controls.
  The evidence from onshore carbonates, such as the Subis Limestone (Fig. 5.3), 
also suggests that this build-up displays flat-top morphology, similar to those seen in 
seismic from the Central Luconia Province (Fig. 5.2). The morphology and geometry 
of the onshore Subis Limestone complex can be used as an analogue for other offshore 
carbonate build-ups.  
 5.2.2 Internal architecture and geometry
  Each build-up displays a ‘layer-cake architecture’ that reflects the alternation of 
porous and tight carbonate layers as evidenced by alternating reflectors in seismic, core 
and log motifs (cf. Epting, 1980; 1989; Figs. 5.2 B1 and B2, and with the details in 
Chapter 7). This feature has been interpreted to be associated with the facies that have 
been changed due to strong diagenesis. Logs and cores from the FM, FW and EK build-
ups (see Chapter 6) display distinctive shoaling upward and cyclic depositional sequences 
that formed the building blocks of the larger scale depositional cycles. These periodic 
125Chapter 5 - Controlling Factors for Carbonate Growth
1
.0
 -
 
2
.0
 -
 
A
 (A
) 
E
K
 a
n
d
 F
M
 P
in
n
a
c
le
-t
y
p
e
 B
u
il
d
-u
p
s
- - 1
.5
 -
 
2
.0
 -
 
B
  (
B
) 
F
W
 F
la
t-
T
o
p
 P
la
tf
o
rm
-t
y
p
e
 B
u
il
d
-u
p
Fi
g.
 5
.2
: (
A
) T
op
 c
ar
bo
na
te
 d
ep
th
 m
ap
  s
ho
w
s 
th
e 
di
st
rib
ut
io
n 
pa
tte
rn
 o
f c
ar
bo
na
te
 b
ui
ld
-u
ps
 w
ith
in
 th
e 
C
en
tra
l L
uc
on
ia
 P
ro
vi
nc
e 
(T
ay
lo
r 
et
 a
l. 
(1
99
7)
. A
 d
om
in
an
t 
N
E-
SW
 a
nd
 N
-S
 o
rie
nt
at
io
n 
st
ro
ng
ly
 s
ug
ge
st
s 
th
at
 th
e 
ca
rb
on
at
e 
de
ve
lo
pm
en
t a
nd
 d
is
tri
bu
tio
n 
w
er
e 
st
ro
ng
ly
 c
on
tro
lle
d 
by
 d
ee
p-
se
at
ed
 p
al
ae
o 
st
ru
ct
ur
al
 h
ig
hs
 th
at
 
w
er
e 
ge
ne
ra
te
d 
by
 th
e 
up
lif
t a
nd
 ri
fti
ng
 a
ct
iv
iti
es
. (
B
1 
an
d 
B
2)
 T
he
 C
en
tra
l L
uc
on
ia
 c
ar
bo
na
te
s a
re
 re
pr
es
en
te
d 
by
 tw
o 
di
st
in
ct
iv
e 
m
or
ph
ol
og
ie
s;
 fl
at
-to
p 
an
d 
co
ni
ca
l 
ty
pe
s b
ui
ld
-u
ps
. T
he
 E
K
 a
nd
 F
M
 b
ui
ld
-u
ps
 (B
1)
 a
re
 th
e 
ex
am
pl
es
 o
f t
he
 c
on
ic
al
-ty
pe
, w
hi
le
 th
e 
fla
t-t
op
 p
la
tfo
rm
 c
ar
bo
na
te
 (B
2)
 is
  r
ep
re
se
nt
ed
 b
y 
FW
 b
ui
ld
-u
p.
 T
he
 
‘s
tri
ng
er
s’
 o
fte
n 
de
ve
lo
pe
d 
at
 th
e 
m
ar
gi
n 
of
 th
e 
co
ni
ca
l t
yp
e 
bu
ild
-u
ps
. E
ac
h 
bu
ild
-u
p 
sh
ow
s l
ay
er
 c
ak
e 
ar
ch
ite
ct
ur
e,
 th
e 
al
te
rn
at
io
n 
of
 p
or
ou
s a
nd
 n
on
-p
or
ou
s c
ar
bo
n-
at
e 
la
ye
rs
 a
s s
ho
w
n 
by
 d
ar
k 
an
d 
lig
ht
 re
fle
ct
or
s. 
   
   
 
B
1 B
2
A
5 
km
 
5 
km 5
 k
m
 
Pi
nn
ac
le
-t
yp
e 
bu
ild
-u
p 
w
ith
 ‘s
tr
in
ge
rs
’ 
de
ve
lo
pm
en
t a
t t
he
 m
ar
gi
n
A
sy
m
m
et
ric
al
 s
ha
pe
 
at
-t
op
bu
ild
-u
p.
E
K
FM
FW
126 Chapter 5 - Controlling Factors for Carbonate Growth
sequences were probably caused by climatic fluctuations that may correspond to 4th and 
5th order cycles, as evidenced from high order sequence stratigraphic study of these build-
ups (Chapter 7). The stacking of elementary sequences forms a cyclic depositional pattern 
consisting of transgressive and regressive sequences, which are separated by subaerial 
exposure and maximum flooding surfaces. They are correlatable across the build-ups and/
or inter-build-ups areas (see Chapter 7 for details).
  Outcrop analogues from the onshore Sarawak display unique morphological and 
geometrical characteristics. Evidence from the Subis Limestone (Fig. 5.3 A, see Chapter 6 
for details) indicates that the carbonate build-up grew on a palaeo-structural high formed 
by the Nyalau sand shoals of the Tangap Formation (Haile, 1962; see Chapter 6). My 
recent observation on this build-up clearly showed three major elevations represented 
by three different types of vegetation (Fig. 5.3 A). I have interpreted each elevation as 
a major break of 3rd order sequence boundary as evidenced by the surface at the quarry 
site (as described in Chapter 6) that occurred during a sea-level fall in the early Miocene 
as seen in eustatic curve of Haq et al. (1987), Miller et al. (2005) and Komminz et al. 
(2009). Nicely interbedded sedimentary features observed at quarry sites near Niah (see 
Chapter 6) correspond to a change in bioherm components that can be attributed to sea-
level fluctuations. This build-up is dominated by coral-algal and milliolid-rich facies, 
suggesting possible alternation of reef front and lagoonal environments (see Chapter 6 for 
details). 
  The Suai Limestone, located just 30 km apart from the Subis Limestone complex, 
also sits on a palaeo-structural high made up of sandstone with abundant Thallasinoides 
(Fig. 5.3 B; see Chapter 6 for details). This Suai Limestone is composed of completely 
different biota systems and dominated by larger foraminifera (Eulepidina spp, Cycloclypeus 
spp, Lepidocyclina spp and Spiroclypeus spp) that float mostly in clay-rich matrix. 
These larger foraminifera change from rounded to more flattened toward the sequence 
top, suggesting an increase in water depth (Hallock, 1986). The presence of extremely 
large Eulepidina dilatata (up to 15 cm long) associated with fine-grained sand indicates a 
significant influx of siliciclastic sediments during deposition or represents the shallowest 
part of the sequence. The significant difference in size of this larger foraminifera was 
probably due to the influence of climatic environments, water depths and palaeo-oceanic 
parameters that required them to compete for lights and nutrients (Hallock, 1986). The 
absence of corals may suggest that this complex is not a coral build-up. The sequence 
has been interpreted to represent a carbonate body that was deposited slightly away 
from the shoal area (see Chapter 6 for details). In other carbonate complexes like the 
Bekenu Limestone, which is located 70 km south of Miri, it displays a thick (70 m) fine 
interlaminated silty to muddy limestone and calcareous shale with abundant planktonic 
foraminifera (Globogerina spp and Globoquadrine spp), indicating deposition within a 
deeper water (middle neritic) environment. 
  The above observation shows that the onshore and offshore carbonate complexes 
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Subis Limestone Complex
Fig. 5.3 (A) Panoramic view of the Subis Limestonec complex shows three levels of topography that  possi-
bly represent three subaerial exposure surfaces resulting from three major sea-level falls during the early 
Miocene. Two of these surfaces are evident from the outcrop observation. Photo B shows the Suai Lime-
stone topography that consists of huge larger foraminifera with the absence of any corals. This limestone is 
composed of  different biota systems, which is believed to be controlled by oceanographic parameters like 
water depth, salinity, nutrient richness and light intensity variations during the carbonate development. (C) 
Angular unconformity separates the highly folded Late Cretaceous turbidite sequence of the Kelalan 
Formation (below the red line) from the late Eocene nummulitic limestone bed (above the red line). The 
nummulitic limestone was also developed on palaeo-structural high of the Kelalan formation that had been 
severely controlled by a major regional unconformity.            
B
C
A1 km
30 m
1 m
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have completely different characteristics. These differences are hardly seen in seismic 
as well as logs. The Subis Limestone is the only onshore carbonate build-up that shows 
similarities with all other offshore build-ups as indicated by the same morphology, 
architecture, facies, depositional sequence and model. Some of these exposure surfaces 
have been recognized and validated at outcrop localities (Chapter 6). However, the top 
equivalent exposure surface is somehow not exposed for a direct comparison.
 
5.3 Factors controlling the sites, distribution, morphology and architecture of 
carbonate build-ups in the Sarawak Basin
  The interpretation of new regional seismic sections and study of several outcrops 
confirmed the factors that controlled the development and distribution of the Cenozoic 
carbonates in the Sarawak Basin. The controlling factors together with supporting 
evidences are documented and discussed below. 
 5.3.1 Tectonics and basement structures 
  Generally, three stages of rifting took place within the Sarawak Basin and nearby 
areas; (i) a NE-SW trending rifting developed during the Late Cretaceous, followed by 
NW-SE oriented sea-floor spreading in the late Palaeocene, (2) an E-W trending rifting 
developed during the late Eocene, followed by sea-floor spreading in the late Oligocene, 
and (3) the middle Miocene rifting as evidenced by high rate of subsidence, a regional 
unconformity, and high heat flux (Ru and Pigott, 1986). These multiple tectonic events 
have resulted in complex structural patterns providing excellent sites and controls for 
carbonate growth (Fig. 5.1 (1)). 
  In Central Luconia, the province is bounded by two major tectonic faults; the West 
Baram Line in the northeast and the West Balingian Line in the southwest as evidenced 
by seismic sections (Figs. 5.1 (1) and 5.1 (2)). The carbonate build-ups are present only 
between these two major faults (Fig. 5.1 (1)). The absence of carbonate build-ups beyond 
these two major faults suggests that these tectonic structures controlled the distribution 
of the carbonate build-ups within the province (Figs. 5.1 (1) and 5.4 (3)). In addition, the 
rifting structures oriented NE-SW and changed to NW-SE towards the north (Fig. 5.2). A 
super-imposition of tectonic structure, palaeo-ridge and carbonate distribution within the 
province (Fig. 5.1 (1)) shows that most carbonate build-ups are well distributed on those 
structural highs and palaeo-ridges. This evidence strongly supports the interpretation 
that the palaeo-structural highs and palaeo-ridges created by rifting controlled the sites 
for carbonate growths and their distribution. Regional seismic interpretation also clearly 
indicates that the build-ups morphology would often follow the basement topography 
and the dimension of the fault blocks (Figs. 5.4 (1), 5.4 (2), 5.4 (3), 5.5 (4), 5.5 (5), and 
5.5 (1) through 5.5 (4)). The eroded fault blocks resulting from the major unconformity, 
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known as the Middle Miocene Unconformity (MMU), also controls the morphology of 
these build-ups (Figs. 5.4 (3) and 5.5 (4)). Flat topography fault block created a flat-
top platform, while an irregular fault block initiated a conical shape pinnacle (Figs. 5.4 
(3) and 5.10). The seismic lines also show that the highest elevated fault blocks are the 
preferred sites for carbonate growth as they are closer to sea-level and will be colonized 
first during a rise in sea level (Fig. 5.10). The size of each individual build-up is controlled 
by the size of the fault block it sits on (Fig. 5.10). 
  Top carbonate depth map of the Central Luconia Province (Fig. 5.2) shows the 
size, orientation and distribution pattern of carbonate build-ups. Dominant NE-SW 
orientation suggests that the carbonate growth and distribution were strongly controlled 
by deep-seated palaeo structural highs (Fig. 5.2). The presence of shoal deposits of the 
Nyalau Sand Shoal that are bounded by faults below the Subis Limestone (Fig. 5.3) and 
deep water Kelalan Formation below the Batu Gading Limestone (Fig. 5.3) strongly 
support the interpretation that rifted fault blocks controlled the growth, orientation and 
distribution of the carbonate build-ups in the Sarawak Basin. 
  In the West Luconia Province, where carbonate occurrences are limited, carbonate 
build-ups also grew on top of structural highs although they have been affected by rapid 
subsidence due to massive deltaic progradation (Figs. 5.1 (1), 5.4 (2) and 5.4 (3); 5.5 
(1) through 5.5 (5)). The Rajang Delta (Fig. 5.1 (1)) evolved northward during Cycles 
III-IV (early to middle Miocene) and prograded beyond the present shelf edge onto the 
Rajang continental slope with E-W trending growth faults. The middle Miocene Cycle IV 
carbonates occur in places also on top of these faulted blocks (Epting, 1980). In the North 
Luconia Province, beyond the present day continental shelf edge, N-NE trending carbonate 
high separates the North Luconia from the NW Sabah Provinces. This carbonate complex 
is still growing on a structural high (Fig. 5.10). Seismic evidence also suggests that the 
build-ups morphology, size and distribution in the North and West Luconia Provinces 
were also controlled by basement structures and topography resulting from the erosion 
during the MMU period (Fig. 5.5 (4)). This MMU surface does not necessarily need to 
be of middle Miocene age. Recent study on seismic and biostratigraphy by Van Vliet and 
Krebs (2009) shows that the MMU in most places is neither of middle Miocene age nor 
is an unconformity in the traditional sense (a true widespread break in the stratigraphic 
record). Graphic correlation analysis of biostratigraphic data from wells in North Luconia 
that penetrated the MMU reveals that it comprises variable amounts of geologic time 
and is covered by condensed sections of variable durations (Van Vliet and Krebs, 2009). 
The age of the MMU in all the wells is late early Miocene (Van Vliet and Krebs, 2009). 
The wells drilled on palaeo-highs show that the MMU comprises sediments and the 
condensed sections of different ages (Van Vliet and Krebs, 2009). This shows that the 
pre-MMU section accumulated rapidly during the mid-early Miocene and is underlain 
by Oligocene-early Lower Miocene rocks. The MMU erosion was most extensive on the 
palaeo-highs and was less along the flank (Van Vliet and Krebs, 2009).
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  The Middle Miocene Unconformity (MMU) surface, as shown by seismic 
reflector, is very irregular in shape. The MMU surface with topographic high would 
become substrates or sites for platform growth as it is closer to sea level. The shape and 
topography of the MMU surface at the sites, where the carbonates are growing, would 
determine the shape and morphology of the build-ups. Subject to sea-level changes and 
rate of tectonic subsidence, flat topography substrate resulting from the erosion of the 
MMU would form a flat-topped carbonate, while irregular substrate would form conical 
shape of carbonate body.
  The MMU surface is very well recognized within the Sarawak Basin. It was named 
as the MMU but the age does not necessarily be of Mid Miocene. Recent study on seismic 
and biostratigraphic data by Van Vliet and Krebs (2009) show that the MMU of the South 
China Sea is in most places neither of middle Miocene age nor an unconformity in the 
traditional sense (a true widespread break in the stratigraphic record). Graphic correlation 
analysis of biostratigraphic data from wells in North Luconia that penetrated the MMU 
reveals that it comprises variable amounts of geologic time and is covered by condensed 
sections of variable durations. The age of the MMU in all wells is late early Miocene. 
The wells drilled on palaeo-highs indicate that the MMU comprises sediments of 4 to 2.5 
Ma. The condensed sections at top of the MMU range between 10 and 8.5 Ma (Van Vliet 
and Krebs, 2009). This shows that the pre-MMU section accumulated rapidly during the 
mid-early Miocene and underlain by Oligocene-early Lower Miocene rocks. The MMU 
erosion was most extensive on the palaeo-highs and was less along the flank (Van Vliet 
and Krebs, 2009). 
  Onshore, the Upper Eocene to Upper Miocene sedimentary sequences in the Tinjar 
Province deposited after the Upper Cretaceous to Eocene uplift (Leichti et al., 1960; 
Fig. 5.1 (1)). The onshore distribution of carbonates is restricted to the Tinjar Province, 
where rifting structures are dominant. The major structures were formed during early 
to late Eocene and dominantly show NE-SW trends. Most of the carbonates were also 
developed on top of these fault blocks. Onshore structural analyses (Intera, 1993; Chua 
and M Khir, 1992; Tjia et al., 1997) suggested many NE-SW and NNE-SSW faults and 
NW-SE-trending anticlines. Wrench-related structures formed during the early Miocene 
were reactivated in the late Miocene to the north. Early Miocene wrench faults dominate 
the western part (Swinburn, 1993), whereas the late Miocene deformation occurred in the 
eastern Balingian Province (Doust, 1981; Ismail and Abu Hassan, 1999). 
 
 5.3.2 Palaeo-oceanography and currents during the Oligocene to late Miocene 
  Although a detailed analysis of the palaeo-oceanography was not carried out, a 
regional review indicates that during the Oligocene to late Miocene, the climatic conditions 
in Southeast Asia were less extreme compared to the present-day as evidenced by oxygen 
and carbon isotope compositions (Savin et al., 1975; Loutit et al., 1983, 1984; Vincent et 
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al., 1985; John et al., 2004) (Fig. 5.6). Positive carbon isotope excursion coincides with 
a period of relatively cool and dry climate (Gawenda et al., 1999). Prior to the middle 
Miocene, the oxygen isotope trends of benthic and planktonic foraminifera were generally 
parallel. Cooling of the southern polar region may have been the result of progressive 
thermal isolation of Antartica, as deep water circulation developed around the continent 
during the Oligocene and moved northward (Kennett, 1977). According to Keigwin and 
Keller (1984), the δ18O enrichment reached a peak at 29 Ma due to increased glaciation 
as supported by correlation with the largest middle Oligocene sea-level drop at about 30 
Ma (Haq et al., 1987). The subsequent Late Oligocene to middle Miocene sea-level rise 
induced reef expansion. The δ13C data of Vincent and Bueger (1985) also shows 1o/oo 
shift toward more positive values starting from the latest early Miocene (17.5 Ma) and 
finishing in the middle Miocene (13.5 Ma) (Fulthorpe and Schlanger, 1989). This shift 
was preceded by two similar events in the early Miocene in both benthic and planktonic 
foraminifera (Shackleton, 1987). Changing oceanography during sea-level rise can also 
profoundly affect sediment composition, sedimentation rate and packaging (James et al., 
2004) as evidenced by different biota communities in four onshore build-ups (see Chapter 
6 for details).
  Margins exposed to the strongest current and wave actions often have a potential 
for high and steep build-up growth (Schlager, 1992; Fig. 5.5 (4) C). Major build-up 
framework and debris shedding are observed along its southwestern margin facing the 
open marine. In the FM, FW, EK and other build-ups in the Central Luconia Province 
show that southwest margins facing the open ocean host the last growth stage at the 
carbonate tops (Fig. 5.5 (4)). This suggests that current and wave actions also played an 
important role along the shelf margins during the carbonate growth. Therefore, palaeo-
oceanic current is also responsible in controlling the growth and architecture of the 
carbonate build-ups within the Sarawak Basin. 
  Climate and ocean circulation, which determine oceanographic parameters (sea 
surface temperature, salinity and nutrient availability) largely controlled the composition 
of the biogenic components forming the carbonates in different environments (Hallock 
and Schlager, 1986; Mutti and Hallock, 2003; Halfar et al., 2006). Corals primarily 
build reefs in oligotrophic settings, whereas coralline red and green algae are more 
dominant in mesotrophic environment (Halfar et al., 2006). Nutrients stimulate growth of 
phytoplankton, which reduce water transparency, limiting depth range of calcareous algae, 
and thereby reducing phototrophic carbonate production (Hallock and Schlager, 1986). 
If nutrients are abundant, small and fast-growing species like bryozoans are superior 
competitors for space to corals (Birkeland, 1987). However, the difficulty in separating 
the relative roles of temperature and nutrient availability on carbonate-producing biota 
is the key issue in the interpretation of ancient carbonates (Mutti and Hallock, 2003). In 
addition, light penetration, which depend on suspended sediments in water column, and 
water depth are other critical components that controlled benthic production and overall 
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facies and carbonate growth as seen in onshore carbonates (see Chapter 6 for details).
 5.3.3 Palaeo-wind directions during the middle Miocene 
  The Central Luconia carbonate build-ups generally show a dominant north-
northeasterly trend (Fig. 5.2). Beside the palaeo-basement structural control, this trend is 
possibly due to the influence of prevalent monsoonal currents and wind patterns during 
the development of these build-ups. A climate simulation model (Vahrenkamp, 1996; 
2004) shows the presence of two principal wind directions over the Luconia area during 
the middle Miocene (Fig. 5.7). Apparently, ‘winter and summer’ winds during this period 
were not in opposite directions as observed in the present monsoonal patterns but rather 
perpendicular to each other with southwesterlies during the summer and northwesterlies 
during the winter (Vahrenkamp, 1996; 2004). As seen in most of the seismic sections, 
the build-ups in Luconia display asymmetrical shape (Figs. 5.2 and 5.5 (5)). Windward 
margins are found to be steep and reef rimmed, while leeward margins are more gently 
dipping due to the downwind deposition of winnowed carbonate particles. A comparison 
of the overall platform shape with a growth pattern expected from palaeowind directions 
shows an excellent match (Figs. 5.2, 5.5 (5) and 5.7). Steep platform margins occur 
at the windward sides from the SE clockwise to the NW, while more gently dipping 
margins coincide with the leeward sides from the NW to the SE as shown by the shape 
and thickness of the build-ups (Fig. 5.2) as demonstrated by the FW build-up (Fig. 5.7). 
While the overall elongated shape of the platform is probably related to an older basement 
structural pattern, the morphology, internal architecture and sediment distribution in each 
build-up are likely to be the result of palaeowind direction. The area facing the wind tends 
to be dominated by coral-dominated facies and vis versa.   
 5.3.4 Sea-level fluctuations; effects on build-up growth and demise 
  The geometry and architecture of the carbonate build-ups are strongly influenced 
by eustatic sea level changes as evidenced by a detailed core study (Chapter 7). Control 
of depositional patterns by sea level fluctuations is illustrated by the growth history of the 
build-ups, which comprise a succession of progradational, aggradational and backstepping 
stages that ultimately ends with the demise of the build-ups as observed in FM, EK and 
FW examples (see Chapter 7). The effects of repeated emergence of the build-ups relative 
to sea level drop and subsidence are evidenced by subaerial exposure surfaces and karst 
features, while the submergence was evidenced by a drowning event, which is prominant 
in seismic and cores (Chapter 7). Repeated exposure of the carbonate platforms has a 
major impact on porosity evolution and reservoir quality (Bud et al., 1995; Vahrenkamp 
et al., 2004). Pinnacle karst features exhibit a predominant positive relief features rarely 
observed on seismic that are often suggested by a chaotic seismic facies (Sarg, 1988; 
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Handford and Loucks, 1993) or concave up sinkhole or irregular hummocky reflection 
configuration (Moldovanyi et al., 1995; Macurda, 1997). Several depositional cycles 
were overprinted by karst (Fig. 5.5 (5)) which displays large holes related to a dendritic 
pattern as interpreted in the Jintan Platform (Vahrenkamp et al., 2004). Similar feature is 
also interpreted on seismic from the FW, FM, EK and other build-ups within the Central 
Luconia Province (Figs. 5.2 and 5.5 (5)) and supported by the Subis, Suai and Batu Gading 
Limestones outcrops (Fig. 5.3) (see details in Chapter 6). In the FW, FM and EK cores 
(Chapter 7), several repeated exposures that occur at different orders of magnitude are 
clearly observed. In each exposure, the highest porosity due to meteoric leaching could be 
observed right below the subaerial exposure surfaces with a decreasing downward trend 
for several meters below the surface. This trend could then be used as a basis to identify 
sequence boundary surfaces in the cores. The eustatic fluctuations in the basin in relation 
to other events are summarized in Fig. 5.9.
  Sea-level fluctuations played an important role in controlling the growth, facies 
variation, and architecture of the build-ups (Franseen et al., 1998; Haq et al., 1980; Wilson, 
2002; Epting, 1980). Sea-level changes will also affect coral-algal growth (Montaggioni 
and Faure, 1997). Core and outcrop study on FM, EK, FW, Subis, Suai, Bekenu and Batu 
Gading Limestone build-ups (Chapters 6 and 7) proved that the geometry of these build-
ups was very much controlled by sea-level changes. As mentioned in section 5.2.2, the 
Subis Limestone complex displays three topographic levels of flat vegetations, which 
possibly represent three 3rd order subaerial exposure surfaces (Fig. 5.3) that occurred 
during sea-level falls. Different facies and biota systems in the lower Miocene of Subis, 
Suai, Batu Gading and Bekenu Limestones suggest that sea-level changes with different 
nutrient-richness, salinity, water depth, depositional environments, and biota systems 
control the facies, architecture, and sequence development history of the carbonates. 
Larger foraminifera with different sizes are evidenced from these build-ups.  
  Seismic sections from the Central Luconia Province (Fig. 5.4 (1)) clearly show that 
a good balance between a rapidly subsiding depositional systems, sea level fluctuations, 
and significant carbonate growth has created a 1200m thick of carbonate sequence over 
a comparatively short time period of between 6-8 Ma at Jintan Platform (Vahrenkamp, 
2004). The demise of the platform may be due to rapid creation of accommodation space 
(Vahrenkamp et al., 2004). The back-step features seen in some platforms (Fig. 5.5 (5)) 
may indicate insufficient time during periods of shallow water deposition to fill the 
accommodation space. As mentioned in the literature, decreased accommodation space 
and extended periods of exposure led to back-stepping and platform demise (Vahrenkamp 
et al., 2004).
 5.3.5 Effect of sediment influx and siliciclastics poisoning
  The influx of or poisoning by siliciclastic sediments may limit carbonate growth 
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and cause termination of the build-ups. At the carbonate margin where large influxes 
of siliciclastic sediments are present, the initial rifted horst-graben topography is often 
buried (Figs. 5.4 (2) and 5.4 (3)). Carbonate deposition commences and continues only 
when siliciclastic influx has lessened (Read, 1985; Symonds et al., 1983). In the Sarawak 
Basin, carbonates are dominant in the Luconia Province but in the area where high influxes 
of siliciclastic sediments are dominant, like in the Baram Delta, carbonate build-ups are 
completely absent, as demonstrated by the seismic section (Fig. 5.4 (2)). This evidence 
from seismic suggests that siliciclastic sediment influx prohibits carbonate growth within 
the clastic discharged areas.
  Figs. 5.4 (2) and 5.4 (3) are the regional seismic sections that show siliciclastic 
progradation in the Baram Delta and the distribution of carbonates in the Luconia 
Province. In the Baram Delta Province where siliciclastic progradation is dominant, none 
of the carbonate platform had ever developed. However, within the Luconia Province, 
platforms had extensively developed while the siliciclastic had restricted only in inter-
platform area. This evidence indicates that siliciclastics progradation had prohibited the 
growth of carbonates within the Baram Delta. 
 5.3.6 Relative position to the margin of the continental shelf
  Regional seismic sections across the Central Luconia Province (Figs. 5.4 (2) and 
5.4 (3)) clearly indicate an increase in carbonate thicknesses from about 100 m closest to 
the shoreline near Balingian Province to about 1200 m towards the shelf margin. Similar 
observation was also made by Coca (2006). This increase in carbonate thickness toward 
the shelf margin has been interpreted to be due to an increase in accommodation space. 
Therefore, the relative position of the substrate would control the thickness of the overall 
carbonate thickness.  
 5.3.7 Other controlling factors
  Active volcanism inhibits the growth and preservation of the build-up due to it 
toxicity resulting from the contribution of sulphuric acid (Wilson, 2002). However, the 
effect of volcanism is rather minimal since volcanic activities are limited in the Sarawak 
Basin. As mentioned in literatures, climate, nutrient-richness and bioproductivity 
(Gawenda et al., 1999), salinity, and water depth also play a major role in controlling the 
carbonate sedimentation and growth history.  
5.4 Carbonate growth model of the northern margin of Sarawak
  During the late Miocene, most of the carbonates in offshore Sarawak were 
completely drowned and terminated, except the G10 build-up which is located at the margin 
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of the continental slope. The growth characteristics of this build-up are well recorded to 
reflect the real factors that controlled the development of the isolated carbonate build-ups 
in the Sarawak Basin (Fig. 5.10). The rotated pre-Middle Miocene Unconformity (MMU) 
fault block seems to control the site for carbonate pinnacle and platform initiations in 
Northern Sarawak (Figs. 5.5 (4) and 5.8). The characteristics of bald head MMU fault 
block without any carbonate deposition, similar to pre-carbonate growth, is shown in 
Fig. 5.10. When the fault block is detached from the main uplifted platform, a pinnacle 
may develop on the small fault block, if the substrate is favourable. The morphology and 
size of a pinnacle will strictly follow the basement topographic surfaces and dimension 
of the fault block. On major fault blocks where the size is much larger, flat-top carbonate 
platforms may form (Fig. 5.10). Their geometry and dimension will again depend on 
the underlying topography of the basement structure and size of the fault blocks. If the 
basement structure is large enough, flat-top carbonate tends to vertically form on this fault 
block with un-equal thickness (Fig. 5.10). If carbonate production is limited or there is a 
sudden rise in sea level, the platform will reduce it size by changing its shape to a pinnacle 
type at the platform margin before it is completely terminated by siliciclastic sediment 
influx (Fig. 5.10). If the fault block is larger but with irregular topographic surfaces, a flat-
top platform may form at the initial stage but later grows as a pinnacle that follows the 
shape and size of the mounded surface of the basement structure (Fig. 5.10). The build-up 
behaves like this to ensure its survival from competition with siliciclastic sediment influx. 
  This example of carbonate growth indicates that basement structures created 
by tectonics and siliciclastic sediment influx are the primary controls for carbonate 
development and distribution in the Sarawak Basin. The morphology of the build-ups is 
controlled by the fault block surface topography, sea-level fluctuations and subsidence. 
5.5 General Model of carbonate growth in northern offshore Sarawak
  Based on multiple evidences from seismic across the northern margin of offshore 
Sarawak, it is concluded that the basement structures and fault blocks seem to be the 
major control for isolated carbonate initiation (Figs. 5.8 and 5.10). The growth history 
reconstruction of the middle Miocene to Recent on the nearby G10 build-up (Figs. 5.8 and 
5.10) in the northern margin of offshore Sarawak indicates that the pre-middle Miocene 
sequences were affected by the initial stage of faulting (Fig. 5.8). The subsequent rifting 
created faulted blocks, horst-graben features with an irregular topography (Figs. 5.8 and 
5.10). The highly elevated blocks will then be subjected to hiatus and erosion, which in 
this case occurred during the Middle Miocene Unconformity (MMU) (Fig. 5.8) to form 
flat topographic surfaces. The eroded pre-middle Miocene reworked sediments were then 
deposited and filled the low land areas within the fault blocks (Fig. 5.8). During the 
subsequent sea-level rise, carbonate platforms started to grow on flat eroded surfaces 
(Fig. 5.8). Simultaneously, siliciclastic sediments started to cover the surrounding areas 
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Fig. 5.10 (2) : Palaeogeographic map of Sarawak during the Cycle II (early Miocene) based on this study. 
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(Fig. 5.8). During quiet periods, turbidite sediments filled up the topographic low area 
to form ponded turbidite packages (Fig. 5.8). Carbonates would continuously grow on 
the elevated fault blocks, while clastic sediments continued to occupy the surrounding 
areas within the topographic low areas (Fig. 5.8). With continued sea-level rise, carbonate 
systems started to weaken and finally terminated when it was completely covered by 
hemipelagic sediments (Fig. 5.8).
5.6 Build-up distribution in the Sarawak Basin
  The carbonate build-ups in the Sarawak Basin are very diachronous. The onshore 
carbonate build-ups were developed during the late Eocene to early Miocene, while in the 
offshore, carbonate growth was dominant during the middle to late Miocene. These build-
ups grew and terminated at different times depending on the location of the build-ups. 
The G10 build-up, located at the northern margin of offshore Sarawak, has been growing 
from the middle Miocene until the present-day. Mapping in the offshore provinces by oil 
and gas operators and compilation of onshore carbonates (Gendang et al., 2006) indicate 
that more than 500 carbonates build-ups are distributed in the Sarawak Basin as shown in 
Fig. 5.1 (1). 
  Regional seismic interpretation (Figs. 5.4 (1) to 5.5 (4)) suggests that the carbonate 
development in offshore Sarawak started during Cycle III (early middle Miocene) although 
some carbonate build-ups (eg. RB build-up), started earlier during the Cycles I-II (late 
Oligocene to early Miocene) period.  It is possible that these are contemporary with the 
onshore carbonate build-ups such as the Subis, Suai, Bekenu and Upper Batu Gading 
Limestones. These carbonates grew on palaeo-structural highs as isolated build-ups and 
are often associated with regional retrogradational event that marked the beginning of a 
regional transgressive phase. Some of these carbonates are well preserved, while some 
have been partially eroded. The major carbonate growth in the offshore occurred during 
the middle to late Miocene (Cycles IV-V; equivalent to Turtonian to Messinian or TB2.5 
to TB3.3; see Fig. 5.4 (2)) and was also associated with a major regional transgression. 
The big scale back-stepping of these packages is believed to have been associated with 
tectonic tilting. 
5.7 Refinement of palaeogeographic maps based on carbonate present 
  Palaeogeographic maps of offshore Sarawak were first developed by earlier 
workers (Scherer, 1980; Tan, 1986; Fulthorpe and Schlanger, 1989; Agostinelli et al., 
1990; Rice-Oxley, 1991, 2002; Ting 1992; Che Mat Zin and Swarbrick, 1997; Wilson 
and Moss, 1999). The latest palaeo-geographic maps of offshore Sarawak were published 
in Madon (1999) based on work done by Taylor et al., (1997). As the carbonates in the 
Sarawak Basin are very diachronous, refinement of palaeo-geographic maps is required 
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by integrating the information from carbonate build-ups. More than 150 offshore and 
onshore wells were used to validate and refine these palaeogeographic maps.  
  The refinement of palaeogeographic maps was done based on combination of 
seismic and logs. The stratigraphy was supported by comprehensive biostratigraphic and 
Sr isotope data. The interpretation was done based on Shell’s depositional model (Fig. 
5.10 (0)). The terminologies used are slightly different from the conventional model but 
the model seems to work very well within the Sarawak Basin. Beside coastal, the model 
uses the terminologies of fluviomarine, holomarine and neritic to differentiate the fluvial 
from marine, brackish from normal marine waters based on extensive foraminifera, 
palynomorph and nannofossil data. Inner, middle and outer neritic environments are the 
terminologies used to replace inner, middle and outer shelves. 
 5.7.1 Oligocene to early Miocene (pre-Cycle I and Cycle I)
  The palaeo-coastline of Sarawak kept a NW-SE orientation with the Rajang deltas 
prograding northeastwards during the Cycle I period (early to late Oligocene). The faults 
resulting from extensional tectonics remained active until early middle Miocene and the 
structural styles greatly influenced the basin relief, morphology, and sedimentation pattern 
during the Cycles I-III. The presence of Oligocene to early Miocene carbonates (Gendang 
et al., 2006) indicates that northern and central Sarawak were in shallow environments 
during this period. Locally, a slightly deeper marine area onshore is evidenced by the 
presence of the Suai and Bekenu Limestones. The G10 build-up, which has grown until 
the present day, had just started to grow during this period
  During Cycle I, the coastal plain, in general, followed a NW-SE trend with fluvio-
deltaic sediments deposited in the basin. The Luconia Shelf was already high during 
this time resulting from the earlier rifting. Haile (1962) and Madon (1999) reported that 
two embayments were present with bathyal water depths in the Sarawak margin in the 
Oligocene: in the northwest of Central Luconia (offshore) and in the southeast near the 
Miri-Suai (onshore). These two embayments were significant during the earliest part 
of early Miocene and appear to have been controlled by major NE-trending basement 
faults. The sediments were supplied by deltaic progradation from the south across the 
shelf. The EN-1 well that was drilled in NE Sarawak penetrated carbonate banks rich in 
Globigerinoides spp and interpreted to have been deposited in an inner to middle neritic 
environments (see Chapter 6 for details). During Cycle I also, the western Sarawak margin 
was a relatively high area subjected to extensional tectonism. The tectonic movements 
resulted in the uplift of horst blocks such as the Pernian High and the subsidence of 
intervening grabens (Madon, 1999). The refined palaeogeographic map of the Sarawak 
Basin during this period is shown in Fig. 5.10 (1). 
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Fig. 5.10 (3) : Palaeogeographic map of Sarawak during the Cycle III (early to middle Miocene) based on this study.
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Fig. 5.10 (4) : Palaeogeographic map of Sarawak during the Cycle IV (early middle Miocene) based on this study. 
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Fig. 5.10 (5)  :  Palaeogeographic map of Sarawak during the Lower Cycle V (middle Miocene) based on this study.
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Fig. 5.10 (6) : Palaeogeographic map of Sarawak during the Middle Cycle V (middle to early Late Miocene) based on this study. 
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Fig 5.10 (8) : Palaeogeographic map of Sarawak during the Middle to Lower Cycle VI (late Miocene to Pliocene) based on this study. 
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Fig. 5.10 (7):  Palaeogeographic map of Sarawak during the Upper Cycle V (late Miocene) based on this study. 
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5.7.2 Early Miocene (Cycle II) 
  During Cycle II, the central and western Sarawak margins were already relatively 
high as a result of the Late Oligocene extensional tectonics. The horst blocks were 
uplifted in an E-W direction. The coastline was still in a NW-SE direction and fluvio-
deltaic siliciclastic sediments were deposited into the basin. A widespread development 
and distribution of shallow-water carbonates during the late Oligocene to early Miocene 
is evidenced by the presence of at least 227 shallow marine carbonate build-ups on the 
present-day Sarawak mainland (Gendang et al., 2006). Some build-ups, such as the Suai 
and Bekenu Limestones, have been deposited in slightly deeper water environments. 
The SB-2 and SU-5 wells that were drilled 120 km south and southeast of Miri also 
encountered Cycle II shallow-water carbonates buried at 2700 ft (900 m) below the 
surface (see Chapter 6 for details). The carbonate development in present-day offshore 
had just started during this period as evidenced by the growth of some carbonate build-
ups furthermost offshore. A refined palaeogeographic map of Cycle II (early Miocene) is 
given in Fig. 5.10 (2).
 5.7.3 Early to very early middle Miocene (Cycle III)
  Some carbonate build-ups started to grow during the early to middle Miocene 
(Cycle III) on the central Sarawak shelf. The FM build-up is an example of Cycle III 
carbonate build-up. The actual number of carbonate build-ups that started to develop 
offshore during this period is unknown as only some build-ups of this cycle have been 
drilled. In contrast, onshore carbonates started to terminate during this period. The palaeo-
coastline, previously trending in a NW-SE direction, started to change to the present 
day location and orientation (NE-SW) during the early-middle Miocene. The shift of the 
palaeo-coastline forced the FM build-up to struggle in competition with clastic deposition 
as evidenced by discontinuous or mixed carbonate and clastic deposition within this 
build-up (see Chapter 6 for details). This evidence suggests that the FM build-up, which 
is located in the southernmost margin, suffered from the siliciclastic influx that was 
sourced from the Baram Delta progradation. Carbonate deposition onshore had already 
stopped during this period due to a shift of palaeo-coastline to the present day position. 
The refined palaeogeographic map representing the Cycle III period is shown in Fig. 5.10 
(3).
 5.7.4 Early middle Miocene (Cycle IV)
  A widespread carbonate deposition occurred within the Central Luconia Province 
throughout this period as seen in Fig. 5.10 (4). Carbonate deposition in the present onshore 
area had completely stopped. Southern Sarawak was under emergent conditions during 
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Fig. 5.10 (9): Palaeogeographic map of Sarawak during the Upper Cycle VI (Late Pliocene) based on this study. Note that G10 carbonate 
build-up is the only one survives until the present day. 
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Fig. 5.10 (10) : Palaeogeographic map of Sarawak during the Cycle VII (Late Pliocene to Early Pleistocene) based on this study. 
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this period. A refined Cycle IV palaeogeographic map is shown in Fig. 5.10 (4). 
 5.7.5 Middle-late Miocene (Cycle V)
  A major sea-level drop at the end of middle to late Miocene (end of Cycle V) 
ended the deposition of carbonates in Central Luconia (Vahrenkamp, 2004) and marked 
the beginning of a regressive phase that continued until the early Pliocene. Similar 
observation was also made by John et al., (2004, 2011) based on their work in the 
Marion Platform, Australia. The Sarawak continental shelf continued to prograde and 
filled the basin with coastal fluvio-marine sediments. The Baram Delta began to fill the 
eastern part of the West Baram Line, while the West Luconia (Rajang) Delta prograded 
northwards from SW Sarawak into the North Luconia Province. Cycle V sediments are 
seen on seismic to onlap onto the carbonate build-ups, implying a passive infilling of the 
inter-build-up depressions by siliciclastic sediments (Madon, 1999). The Sarawak shelf 
was in an open marine environment during the Cycle V period. A major uplift occurred 
throughout Sarawak offshore and onshore at the end of Cycle V resulting in the Base Cycle 
IV Unconformity. The West Baram Line remained as a major control for sedimentation in 
the eastern part of the shelf margin. 
  Cycle V was the time where most carbonate build-ups were developed in the 
Central Luconia Province. However, some carbonates were already terminated during this 
period, for example the FM build-up (Fig. 5.1 (1)), located in the basinal area. Carbonate 
termination was due to a combination of eustatic sea level drop (Vahrenkamp, 1996) 
towards the end of the middle Miocene, deltaic progradation from south and southeast 
(Coca, 2006), drowning due to sea level rise (Epting, 1980), and gradual submergence 
(Zampetti et al., 2004, 2006). The refined palaeogeographic maps representing the lower, 
middle and upper Cycle V are shown in Figs. 5.10 (5) to 5.10 (7).  
 5.7.6 Late Miocene - Pleistocene (Cycles VI-VII)
  Palaeogeography of the Lower and Upper Cycle VI is the same, except for 
the coastal sediments which were better developed during the Upper Cycle. Most of 
the carbonate build-ups were terminated during this period due to a major siliciclastic 
influx contributed by the Baram Delta progradation. The G10 build-up, located close 
to present day shelf edge, is the only one that survived until the present-day. A refined 
palaeogeographic map of Cycle VI and younger is highlighted in Figs. 5.10 (8) and 5.10 
(10). 
5.8 Conclusions
 The Cenozoic carbonate build-ups of the Sarawak Basin are comprised of two 
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distinctive build-up morphologies: flat-top platform- and high relief conical pinnacle-
types. The platform type, like the FW build-up, is a flat-top build-up with a single crest 
and asymmetrical dipping flanks that often developed on fault-bounded regional highs. 
The pinnacle type, like the FM and EK build-ups, is a high relief conical shape build-
up with multiple crests and very steeply dipping flanks often associated with carbonate 
stringers. This type of build-up is dominant in the central and northern parts of the Central 
Luconia Province. Both build-up types display a layer-cake internal architecture with 
alternating porous and non-porous carbonate layers. 
  Carbonate build-up development and distribution in the Sarawak Basin were 
controlled by several factors as evidenced from seismic, logs, cores and outcrops. 
i) Extensional faulting created horst-graben structure. Carbonate build-ups tend 
to grow on top of the palaeo-structural highs. The relative movement of fault-bounded 
blocks, surface geometry and tectonic processes governing the substrate characteristics 
control the build-ups size and morphology. The eroded topography of faulted blocks 
during the Middle Miocene Unconformity (MMU) seems to control the morphology, size 
and distribution of the build-ups. A flat topography fault block creates flat-top platform, 
while a fault block with irregular topography forms pinnacle. The highest elevated fault 
blocks are the preferred sites for carbonate growth and its dimension will determine the 
size of the build-up. 
ii) Relative sea-level fluctuations may drown the reefs and conversely, reefs will become 
subaerially exposed and stop growing. Eustatic sea-level changes and palaeo-climatic 
conditions seem to also control the biota systems, internal architecture and facies variations 
and successions. 
iii)  Palaeo-oceanography during the Oligocene to late Miocene and palaeo-oceanic 
current determined the shape and morphology of the build-ups.
iv) Palaeo-wind direction will directly control the orientation, slope steepness, and 
asymmetrical geometry of the build-ups.
v) Sediment influx or clastic poisoning often terminate carbonate deposition. 
vii) The relative position to the margin of continental shelf will determine the thickness 
of the carbonate successions. The effect of volcanism is not clearly seen here due to their 
non-extensive occurrence in the basin.
  The carbonate growth model in the northern most margin of offshore Sarawak 
shows that the older pre-middle Miocene sequences were subjected to early faulting. 
The subsequent rifting created faulted blocks. The highly elevated blocks would then be 
subjected to hiatus and erosion, occurring during the MMU to form regular topographic 
surfaces. Eroded pre-middle Miocene reworked sediments were then deposited and filled 
the low land areas within the fault bounded blocks. During the subsequent sea level rise, 
carbonate platforms started to growth on flat eroded surfaces, while clastic sediments 
started to cover the surrounding areas. During a quiet period, turbidite sediments filled 
the low topography area to form ponded turbidite sequences. Carbonate build-ups would 
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continuously grow on the elevated fault blocks, while the clastic sediments continued to 
occupy the surroundings within the topographic low areas. As the sea-level continued to 
rise, the carbonate build-ups started to weaken and completely died and are covered by 
hemipelagic sediments. This model can be used as an analogue to explain the carbonate 
growth history within the Sarawak Basin.
  During the early Miocene, the onshore carbonates have different biota systems, 
sizes, facies types probably suggesting less favourable climatic conditions for carbonate 
development. Severe constraint in nutrient level and water depth allowed competition for 
survival among these larger foraminifera. However, during the middle to late Miocene, 
the climatic conditions were very conducive for carbonate growth over the offshore area 
(Central Luconia) as evidenced by similar assemblage and size of fauna.  
  Knowledge about the regional and individual carbonate development during the 
Cenozoic is useful to further refine the palaeogeographic maps of the Sarawak Basin.
 
  
  
161Chapter 6 - Sedimentology of Onshore Carbonates
CHAPTER 6
Sedimentology and Development History of the Batu Gading, 
Subis, Suai and Bekenu Limestone Complexes, Onshore 
Sarawak 
6.1 Introduction
 A total of 227 Cenozoic carbonate build-ups have been reported from the onshore 
part of the Sarawak Basin (Gendang et al., 2006). They were deposited during the late 
Eocene to the early Miocene. To illustrates the nature of these deposits, this study focuses 
on four carbonate build-ups (Fig. 6.1): (1) Batu Gading Limestone, (2) Subis Limestone, 
(3) Suai Limestone, and (4) Bekenu Limestone. Each of the four carbonate bodies is char-
acterised by different facies types and biota systems. This research is aimed at describing 
the detailed sedimentological characteristics of the carbonates in order to establish their 
stratigraphic framework, sequence development history and depositional models. The 
integration of subsurface information gathered from onshore wells also provides better 
control and comparison among the early Miocene carbonates in the area. This will enable 
regional depositional conditions and models for northern Sarawak during the early Mio-
cene to be established (see Chapter 4 for a summary of the methods applied in this part of 
the study). 
6.2 The Batu Gading Limestone 
 The Batu Gading Limestone complex (Figs. 6.2 (1) and 6.2 (2)) is part of the 
Melinau Limestone Formation. It was initially mapped by Haile (1956), followed by 
Haak (1958), Adams (1960), Leichti et al., (1960), Adams and Haak (1962; 1963) and 
Ngau (1989). Wannier (2008) argues that the Melinau carbonate platform (including Batu 
Gading Limestone) was formed in a separate wedge-top basin (Fig. 6.2 (3)). These basins 
have been defined by DeCelles and Giles (1996) as successor basins that developed on 
the unstable slope of accretionary prisms during period of rapid sedimentation, follow-
ing the emplacement of the Rajang-Crocker Fold-Thrust Belt. The Melinau Limestone 
Formation consists of a number of individual carbonate units trending NE-SW, that show 
variations in thickness, lateral extent and depositional environments. The Batu Gading 
Limestone crops out along the Baram River (Figs. 6.2 (1) and 6.2 (2)), where it forms 
a series of isolated hills covering an area of about 4 km2 (3.8 km x 1.2 km). The Batu 
Gading Limestone unconformably overlies the highly folded sequences of deep water si-
liciclastic of the Kelalan Formation (Late Cretaceous). Adams and Haak (1963) identified 
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another disconformity (Paleocene-Oligocene) that separates the Upper from the Lower 
Units of the Batu Gading Limestone (Fig. 6.2 (4)).. The c. 50 m-thick, studied successions 
crop out at several locations along the middle part of the Baram River, near small towns 
of Batu Gading and Long Lama. Three main outcrops have been described and logged 
(see localities 1 to 4 in Fig. 6.2 (1)). 
 6.2.1 Sedimentological and stratigraphic description 
 The Batu Gading Limestone unconformably overlies the Kelalan Formation, 
which has been dated as Late Cretaceous based on microfauna (Haile, 1962; Adams and 
Haak, 1962; Liechti et al, 1960. The Batu Gading Limestone is about 70 m thick and is 
overlain by deep marine mudstones of the Temburong Formation (or Setap Shale). 
 The Batu Gading Limestone (Figs. 6.2 (1), 6.2 (2) and 6.2 (4)) is generally divided 
into the Lower (late Eocene) and the Upper (late Oligocene-early Miocene) Units, which 
are separated by a major disconformity (Haile, 1962; Haak, 1958; Adams and Haak, 
1963). The Lower Unit is formed by a nummulitic limestone and dips 12-15o  towards 
the north. This carbonate succession unconformably overlies the steeply dipping sand-
stones and shales of the Kelalan Formation, with the contact between the two formations 
clearly observed at locality 3 (Fig. 6.2 (7)). Subrounded quartz grains and rock fragments 
are common at the base of the sequence, which is probably derived from the underlying 
Rajang flysch or the Kelalan Formation. The dominant Nummulites javanus within this 
sandy section indicates a Middle Eocene age (Bartonian, Ta Biozone; Lunt, 2004). A 
transgressive sequence of massive limestone (35 m) conformably overlies this thin sandy 
limestone. The rock is highly fossilifereous and is composed of larger foraminifera, main-
ly Nummulites, Discocyclina, algae, fragmented corals, echinoid and bryozoan debris and 
occasionally molluscs. The presence of Pellatispira spp. in association with Discocyclina 
spp., Aktinocyclina spp., Nummulites spp. and Operculina spp. indicates a late Eocene 
(Tb) age (Adams and Haak, 1962; Wannier, 2008). The nummulitic limestone is massive, 
dark to medium grey, dense, strongly recrystalized with common microstylolites and ir-
regular calcite veins (e.g. at locality 3) and becomes more interbedded with basinal rock 
(e.g. at locality 4).
 The Lower Unit of the Batu Gading Limestone is unconformably overlain by a 
thickly bedded limestone and about 7 m of brecciated limestone of early Miocene age 
(Figs. 6.2 (1), 6.2 (2) and 6.2 (5)). The limestone breccia is overlain by a 5 m-thick fine 
grained, well bedded calcarenite of early Miocene age. This succession is overlain by 
about 12 m of early Miocene calcareous shales and siltstones of the Temburong Forma-
tion (Figs. 6.2 (1), 6.2 (2) and 6.2 (7)). The late Eocene and late Oligocene-Miocene 
boundary is only visible when Eocene limestone is overlain by calcareous silty shales 
containing abundant small benthic and planktonic foraminifera. The lowest 6 m of the 
early Miocene limestone breccia consists of abundant irregular blocks or clasts of Eocene 
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limestone and large branching and massive corals. The top 1 m of the sequence marks a 
transition from limestone breccia to bedded limestone. Based on petrographic observa-
tions, the base of the late Oligocene-early Miocene limestone sequence consists of Het-
erostegina spp, Spiroclypeus spp, Lepidocyclina spp, Lepidocyclina (Eulepidina) sp, and 
Neoalveolina pygmaea, similar to the one described by Adams and Haak (1962). The top 
4 m of the limestone is well bedded (Figs. 6.2 (2), 6.2 (6) and 6.2 (7)) and comprises alter-
nating fine to course bioclastic and algal-foraminiferal calcarenites, which are dense, light 
grey and sandier towards the top. The rock contains abundant benthic and planktonic fo-
raminifera, fine algae, echinoid debris and remnants of bryozoa and mollusc. The pelagic 
foraminifera are confined to the interval below the limestone breccia and the uppermost 
succession with rare larger foraminifera. 
 The Upper Unit of the Batu Gading Limestone is finally overlain by alternating 
calcareous sandstones and sandy limestones, followed by a transition into shales (Figs. 
6.2 (1), 6.2 (2) and 6.2 (6)). These Lower Miocene shales are extremely rich in Globige-
rina binaiensis, Globigerina dissimilis, Globigerina spp., Globigerinoides spp., Globo-
quadrina venezuelana, and Globorotalia mayeri (Figs. 6.2 (1)), 6.2 (2) and 6.2 (6)). The 
lithologies of the Batu Gading Limestone complex in the study area is readily correlated 
(Fig. 6.2 (11)).  
 6.2.2 Facies description and depositional environment interpretation
    
  (a) Lower Unit of the Batu Gading Limestone (Late Eocene) 
 The nummulitic limestone is dark grey in colour, poor to moderately sorted and 
forms a continuous massive bed at locality 2 (Fig. 6.2 (7)). Laterally it changes gradu-
ally into two main alternating facies: (1) Facies BG-L1 Nummulite packstone, and (2) 
Discocyclina dispansa wackestone rich in matrix towards locality 3 (Fig. 6.2 (5)). The 
generally massive nummulitic packstone of Facies BG-L1 can be further subdivided pet-
rographically into five gradationally-bounded sub-facies based on their sedimentary tex-
ture, size and shape of the Nummulites.: 
(1) Sub-facies BG-L1a, Large robust nummulite packstone, 
(2) Sub-facies BG-L1b, Small robust nummulite packstone, 
(3) Sub-facies BG-L1c, Large flat nummulite packstone, 
(4) Sub-facies BG-L1d, Small flat nummulite packstone/wackestone, and 
(5) Sub-facies BG-L1e, Nummulitho-clastic packstone/wackestone. 
(1) Sub-facies BG-L1a (Large robust nummulite packstone) 
Description: This sub-facies consists of light to dark grey packstone that occasionally 
changed to yellowish due to extensive weathering (Plate 6.2 (1) B). It mainly comprises 
large Nummulites that have robust and semi-rounded or oval shapes, occurring in associ-
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ation with Lepidocycina (N) and coralline algae with bryozoan, rotalids and Austrotrillina 
as subordinate components. Small robust Nummulites are abundant and large flat Num-
mulites are also present, which are randomly oriented. Bivalves are occasionally present. 
Older blocks and rock fragments and some irregular sand grains occur at the base of the 
massive nummulitic limestone bed. The matrix contains a high proportion of clasts and 
echinoderm debris. 
Palaeoenvironmental Interpretation: This large and robust nummulite packstone is in-
terpreted to have been deposited in the proximal part of a bank/shoal complex within an 
inner ramp setting following the terminology of Burchette and Wright (1992). This inter-
pretation is supported by the presence of some minor terrigeneous input. to the deposi-
tional setting is analogous to Van Gorsel’s (1988) model, in which large and robust Num-
mulites accumulated within the main body of a shoal complex at the shallowest water 
depths. There is also similarity with the nummulitic rudstone in Jebel Ousselat, Tunisia, 
as described by Vennin et al (2003), which has been interpreted as part of a middle ramp 
environment.
(2) Sub-facies BG-L1b (Small robust nummulite packstone) 
Description: This sub-facies is light to dark grey (Plate 6.2 (1) C) and is composed main-
ly of small to medium robust Nummulites in association with Discocyclina, Lepidocy-
clina (N), Pellatispira sp and coralline algae. Small benthic foraminifera, Amphistegina 
sp, Spiroclypeus sp, Austratrillina sp, miliolids, gastropods, small rotalids and planktonic 
foraminifera are present in minor quantities. Occasionally, bryozoan, textularia and minor 
sand grains are also present. 
Palaeoenvironmental Interpretation: The Nummulites occurrence in association with 
Discocyclina and minor planktonic foraminifera, suggests deposition in the middle part of 
bank/shoal complex within the middle ramp setting. The depositional setting was slightly 
more distal than the earlier Sub-facies BG-L1a. The presence of minor large angular sand 
grains and gastropods may indicate deposition at the lower shoal toward the landward, or 
closer to an inner ramp area with minor terrigeneous sediment input. Van Gorsel (1988) 
has interpreted the small and thick Nummulites to have been deposited at the back of the 
main shoal complex facing the lagoon. Vennin et al (2003) has interpreted ‘small num-
mulitic floatstone’ in northern Tunisia to have been deposited in outer ramp area, while 
‘small nummulitic rudstone’ was deposited in middle ramp environment.
(3) Sub-facies BG-L1c (Large flat nummulite packstone) 
Description: Sub-facies BG-L1c is dominated by large Nummulites with flat morphology 
and with only minor  association with other microfauna (Plate 6.2 (2) E). The large to 
medium, flat Nummulites may be imbricated and there is insignificant nummulitic debris 
in the matrix. The small robust Nummulites are dominant and occur in association with 
gastropods, flat Nummulites and other fragments. Lepidocyclina, Discocyclina, echino-
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derms, and bryozoan are present as a minor constituent. 
Palaeoenvironmental Interpretation: This facies is interpreted to have been deposited 
downslope from the main bank/shoal complex facing the open shelf, which follows the 
model of Van Gorsel (1988).  In the El Garia Formation in Central Tunisia this type of 
facies was deposited in a middle ramp setting (Jorry et al, 2003).
(4) Sub-facies BG-L1d (Small flat nummulite packstone/wackestone) 
Description: Sub-facies BG-L1d is characterised by dark grey packstone with abundant 
flat and small, flat Nummulites together with other larger foraminifera. The other larger 
foraminifera are mainly Lepidocyclina, Discocyclina and Operculina. Echinoderms and 
small benthic foraminifera are minor constituents. Miliolids and rotalids are occasionally 
present. The matrix contains abundant nummulitic fragments. 
Palaeoenvironmental Interpretation: This nummulite-dominated packstone lithology 
suggests deposition in the distal part of the shoal/bank complex or in transition between 
the middle to outer ramp environments. Deposition probably occurred in deeper water 
than the BG-L1a, BG-L1b and BG-L1c  sub-facies. Comparable facies in the El Garia 
Formation in Central Tunisia, which is also a nummulite-dominated packstone, has been 
interpreted as having been deposited in proximity to open marine conditions.
(5) Sub-facies BG-L1e (Nummulitho-clastic packstone/wackestone) 
Description: This sub-facies contains abundant small benthic foraminifera, echinoderm 
spines, and minor planktonic foraminifera. The matrix is dominated by silt-or sand-sized 
nummulite debris, slightly rich in organic matter and silicified material. 
Palaeoenvironmental Interpretation: This sub-facies represents deposition in a slightly 
deeper water environment on an open shelf. There was some sediment contribution from 
reworked shallow water nummulitic bank/shoal areas. This facies is closely comparable 
to those described in Tunisia by Moody and Grant (1989), where a ramp or slope margin 
environment has been inferred. In the El Garia Formation in Central Tunisia, this sub-fa-
cies is generally laminated and represents the deep-water deposition of material reworked 
from a shallow-water nummulitic platform (Jorry et al, 2003).
 Another facies observed within the Lower Unit of Batu Gading Limestone is 
named as BG-L2 (Discocyclina dispansa packstone). 
Description: This sub-facies is dominated by Discocyclina dispansa, which are com-
monly in close association with Nummulites. Other constituents are Victoriella sp., Bi-
planispira mirabilis, Nummulites ptukhiani, Asterocyclina sp., and Rodophyte spp. Oc-
casionally, Spiroclypeus sp. and Globigerina spp..
Palaeoenvironmental Interpretation: The dominance of Discocyclina dispansa sug-
gests deposition the distal part of shoal complex, deeper than the BG-L1e sub-facies, 
based on analogy with the work of Van Gorsel (1988). Discocyclina floatstone in the Je-
bel Ousselat, northern Tunisia, is also similar and was deposited in an outer ramp setting 
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(Vennin et al., 2003). 
Upper Unit of the Batu Gading Limestone (early Miocene)
The following six facies were recognized within the early Miocene interval of the Upper 
Unit of the Batu Gading Limestone:
(1) Facies BG-U1, Larger foraminiferal packstone/wackestone, 
(2) Facies BG-U2, Eulepidina dilatata packstone/floatstone, 
(3) Facies BG-U3, Limestone breccia, 
(4) Facies BG-U4, Foraminiferal packstone, 
(5) Facies BG-U5, Algal laminated limestone, and 
(6) Facies BG-U6, Planktonic foraminiferal mudstone/wackestone. 
(1) Facies BG-U1 (Larger foraminiferal packstone/wackestone) 
Description: This facies is white to light grey and generally composed of Lepidocyclina, 
Spiroclypeus, Amphistegina and other larger foraminifera, which are floating in the ma-
trix. They were formed in close association with benthic and planktonic foraminifera.  
Palaeoenvironmental Interpretation: Many larger foraminifera facies and their associ-
ations have been reported that represent various depositional environments. The presence 
of Spiroclypeus and significant amount of planktonic foraminifera suggests that deposi-
tion was within a relatively deeper water offreef environment within the open shelf area.
(2) Facies BG-U2 (Eulepidina dilatata packstone) 
Description: Facies BG-U2 comprises thin beds (<50 cm each) with black Eulepidina 
within a gray, mud-dominated matrix. There are occasional water escape structures. The 
facies is composed of flat Eulepidina dilatata with minor constituents of coralline algae, 
Amphistegina sp,. and Austrotrillina as. miliolids and Textularia. This facies forms a mas-
sive bed at locality 2 and gradually changes into three alternating beds comprising of 
Eulepidina-rich and Eulepidina-poor limestones at locality 3. This Eulepidina bed within 
the Upper Unit of the Batu Gading Limestone closely resembles beds within the Suai 
Limestone, although the size and length of the Eulepidina dilatata is much shorter (1-2 
cm) compared to 5-14 cm in the Suai Limestone. 
Palaeoenvironmental Interpretation: The presence of water escape structures may in-
dicate a rapid sedimentation The presence of flatter Eulepidina in association with Am-
phistegina sp. and Austrotrillina within a mud-rich matrix suggests deposition in a shal-
low bank or shoal setting. Similar deposits have been reported in the Prupuh Beds in NE 
Java (Lunt and Allan, 2004). 
(3) Facies BG-U3 (Limestone breccia) 
Description: Facies BG-U3 is more prominent in the top part of the Upper Unit and at the 
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base of the Lower Unit of the nummulitic limestone. The limestone breccia in the Upper 
Unit consists of an admixture of rock fragments (up to 50 cm diameter) with abundant 
large branching and massive corals and rock fragments (Subfacies BG-U3a). This sub-
facies contains abundant coralline algae with larger, benthic and planktonic foraminif-
era as subordinates. The limestone breccia facies contains abundant coralline algae with 
Lepidocyclina, miliolids, Amphistegina, Operculina and planktonic foraminifera as sub-
ordinates. There is also a mixture of planktonic foraminifera, Textularia, Austrotrillina, 
Operculina, Bryozoa, Bolivinids, small rotalids, Cycloclypeus and Globigerinoides. The 
limestone breccia is also found at the base of Nummulitic limestone bed of the late Eo-
cene (Subfacies BG-U3b). It comprises various sizes of rock fragments that originated 
from the underlying siliciclastic sediments of the Kelalan Formation. This sub-facies is 
restricted to locality 1 (Plate 6.2 (1) A).
Palaeoenvironmental Interpretation: The brecciated limestone consists of various al-
lochem components of various sizes that possibly come from different sources. The re-
worked and admixture of different initial facies and rock fragments within the limestone 
breccia have been interpreted to have been deposited as talus or reef collapse deposits 
along the slope margin. 
(4) Facies BG-U4 (Foraminiferal packstone) and Facies BG-U5 (Thinly bedded al-
gal-foraminiferal limestone) 
Description: These facies are characterised by light grey to dark grey occur as a massive 
and thinly bedded limestone, respectively. These facies are present towards the top of 
the upper unit. The foraminiferal packstone grades to very thinly bedded limestone and 
calcareous siltstone/sandstone prior to a complete termination of the carbonate by clastic 
deposition. This facies is composed of benthic foraminifera with subordinates of algae, 
echinoderms, rotalids, bryozoan, Lepidocyclina, Amphistegina and occasionally miliol-
ids. In comparison, facies BG-U5 (Algal-foraminiferal limestone) is generally composed 
of coralline algae together with minor Lepidocyclina. Austrotrillina, Amphistegina, mili-
olids, planktonic and small benthic foraminifera. 
Palaeoenvironmental Interpretation: Based on the presence of fossil assemblages 
with dominant Lepidocyclina, Amphistegina and occasionally miliolids, facies BG-U5 
has been interpreted as a fore-reef deposit. The interbedded and finely laminated algal-
foraminiferal limestone suggests that deposition took place within a middle to outer shelf 
environment.
(5) Facies BG-U6 (Planktonic foraminiferal mudstone / wackestone) 
Description: Facies BG-U6 is characterized by greenish to dark grey, homogeneous and 
structureless features. This facies contains abundant planktonic foraminifera, dominated 
by Globegerina inaequispira, Globegerina sp., Globegerinathica sp., Globoquadrina sp. 
in association with other larger foraminifera such as Spiroclypeus sp. The fauna are float-
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Fig. 6.2 (10)  The possible depositional models for 
the Lower (A) and the Upper (B) Units of the 
Batu Gading Limestone complex.
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ing in a fine-grained carbonate matrix. The detailed fossil assemblages for different facies 
types in the Lower and the Upper Units of the Batu Gading Limestone sequences are 
shown in Plates 6.2 (1), 6.2 (2), 6.2 (3), 6.2 (4), 6.2 (5) and 6.2 (6).
Palaeoenvironmental Interpretation: Based on the dominant Globigerinids together 
with Spiroclypeus, this facies is interpreted to have been deposited within a middle shelf 
environment. 
 Based on various facies occurrence, the possible depositional model of the Batu 
Gading Limestone complex is shown in Fig. 6.2 (9).
6.3 The Subis Limestone Complex
 The Subis Limestone complex  is exposed along the east bank of the Niah River, 
95 km south of Miri town (Fig. 6.3 (1)). This is a large early Miocene (Te5) carbonate 
build-up covering an area of 6 x 6 km2, which is comparable with small to medium size 
build-ups in the Central Luconia Province. This build-up is located above the crest of an 
anticline and is generally divided into two parts by the SW-NE Trusan Fault (Fig. 6.3 (1)). 
The main flanks of the complex dip gently towards the NW and SE. Several sets of faults 
and lineations are also observed on the topographic map of this complex (Fig. 6.3 (1)), 
indicating the impact of several phases of deformation. The build-up has a flat-topped 
carbonate platform morphology with asymmetrical flanks. The National Heritage of Niah 
Cave is located in a cliff in the northern extremity of this complex. The quarry activi-
ties provide good access to the carbonate rocks forming the flank of the build-up. This 
limestone complex has been previously described by Jordi (1953), followed by Wilford 
(1955), Haak (1955), Haile (1956), Sleumer (1977) and Ali (1993). However, it has never 
been subject to a detailed sedimentary facies analysis. 
 Three major sequence boundary surfaces have been recognized within the Subis 
Limestone complex, which represent at least three major 3rd order sea-level falls during 
the early Miocene. 
 6.3.1 Sedimentological and stratigraphic description
 This study is based on outcrops within the current quarry site and is located along 
the flank of the Subis build-up (Fig. 6.3 (1)). The description of the outcrops is shown in 
Fig. 6.3 (2) and summarized in Fig. 6.3 (4). The representative photomicrographs of fa-
cies and fossil contents of the Subis Limestone are given in Plates 6.3 (1) and 6.3 (2). 
 The Subis Limestone has been dated as lower Te5 (very late Oligocene to early 
Miocene) based on the presence of Miogypsina spp., Eulepidina spp., Spiroclypeus spp. 
and Globigerina binaiensis (Haak, 1955; Adams, 1965; Barbeito, 2005).
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 6.3.2 Facies description and depositional environment interpretation 
 Based on their sedimentary structures, coral growth morphology, texture and fos-
sil assemblage, the following seven facies have been identified: 
(1) Facies SB-1, Coral framestone / bindstone / bafflestone, 
(2) Facies SB-2, Algal-miliolid floatstone-wackestone, 
(3) Facies SB-3, Rhodolith-algal floatstone-rudstone, 
(4) Facies SB-4, Stacked floatstone-rudstone, 
(5) Facies SB-5, Foraminiferal packstone-grainstone, 
(6) Facies SB-6, Planktonic foraminiferal wackestone/packstone, and 
(7) Facies SB-7, Larger foraminiferal (Miogypsinid) packstone / wackestone. 
(1) Facies SB-1 : Coral framestone / bindstone / bafflestone
Description: This facies comprises light to dark grey massive, branching or platy corals 
floating in a white calcareous matrix. Based on coral morphology and texture, this facies 
can be further divided into the following four sub-facies:
(a) Sub-facies SB-1a, Massive Porites framestone, 
(b) Sub-facies SB-1b, Branching-small coral bafflestone, 
(c) Sub-facies SB-1c, Branching coral bafflestone, and 
(d) Sub-facies SB-1d, Argillaceous platy coral bindstone.
These sub-facies dominate the Subis Limestone complex because they are preferentially 
developed on the flank of the build-up complex, which coincides with the current quar-
rying operations.
(a) Sub-facies SB-1a (Massive Porites framestone) 
Description: This sub-facies is characterised by light brown framestone, occasionally 
bindstone, which is mainly composed of massive Porites corals of various sizes. They are 
often present in association with encrusting coralline algae and benthic foraminifera. This 
facies is generally composed of 60% or more massive corals, the remaining are coralline 
algae and benthic foraminifera. There is a distinctive texture of light grey to brownish 
massive corals floating within the white to yellowish matrix rich in foraminifera. Textu-
laria, Quinqueloculina, Amphistegina, small benthic foraminifera, pelecypod and echi-
noderm fragments are secondary constituents. Burrows are quite common, which adds to 
the variability of  the rock texture. 
Palaeoenvironmental Interpretation: The framestone with abundance of massive cor-
als occasionally with encrusted coralline algae suggests a very shallow water environ-
ment within the photic zone and subject to very strong wave action. The framestone 
was probably deposited in either (1) a reef crest setting that was influenced by breaking 
waves, or (2) an upper reef front environment, within the build-up proper, that was sub-
ject high wave energy conditions. Since the composition of reef crest deposits depends 
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on the degree of wind strength and swell, only encrusting organisms in sheet-like forms 
can survive such high-energy conditions.  James (1979; 1983) has interpreted the massive 
and encrusting growth form corals to have been deposited in moderate to high and intense 
wave energy conditions with low sedimentation rates.
(b) Sub-facies SB-1b (Branching-small coral bafflestone) 
Description: Sub-facies SB-1b is characterised by bafflestone with moderate to dark 
grey corals floating within the light grey to yellowish matrix. It is mainly composed of an 
admixture of branching corals and small massive corals, between which algae and small 
and larger benthic foraminifera are present (Plates 6.3 (1) and 6.3 (2)). The fossil assem-
blage is composed of robust Operculina, Amphistegina, few Miogypsina, Lepidocyclina, 
Gypsina, miliolids and small benthic foraminifera. 
Palaeoenvironmental Interpretation: The abundance and diversity of foraminiferal 
assemblages suggests open-marine conditions. The small massive and branching corals 
bafflestone with diversed benthic foraminifera are interpreted as upper to middle reef 
front deposits, probably representing slightly deeper water than subf-acies SB-1a. James 
(1979; 1983) has interpreted similar branching-dominated facies to represent moderate to 
high wave energy conditions with low sedimentation rate. In modern environments, the 
branching corals (Acropora sp.) extend to a depth of around 30 m. Below this depth, wave 
surge is almost non-existent and light is strongly attenuated (James, 1983). Therefore, 
metazoans start to increase their surface area by having only a small basal attachment and 
large, but delicate, plate-shape corals (James, 1983). 
(c) Sub-facies SB-1c (Branching coral bafflestone) 
Description: Sub-facies SB-1c is characterised by dark grey robust branching corals 
floating in light grey to yellowish calcareous matrix. It is dominated by branching corals 
(mainly Acropora sp.), with secondary algae and smaller and larger benthic foraminifera 
(Plates 6.3 (1) and 6.3 (2)). The fossil assemblage consists mainly of robust Operculina 
and Amphistegina, with subordinate Miogypsina, Lepidocyclina, Gypsina, miliolids and 
small benthic foraminifera. 
Palaeoenvironmental Interpretation: The diverse foraminiferal assemblages indicate 
open-marine conditions. The dominant branching corals (Acropora sp.) and high diversi-
ty of foraminifera suggest deposition in a middle reef front environment at slightly deeper 
water depths compared to sub-facies SB-1 and b. James (1979; 1983) considers robust 
branching coral bafflestones as indicative of deposition in moderate to high wave energy 
conditions, moderate sedimentation rates. In contrast, delicate branching corals might be 
deposited at lower wave energy at higher sedimentation rates (James (1979; 1983). In 
modern settings, Acropora branching coral can entirely cover the margin of deep-water at 
45 m off Discovery Bay, Jamaica (James, (1983).
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(d) Sub-facies SB-1d (Argillaceous-platy coral bindstone) 
Description: Sub-facies SB-1d is a dark grey to black bindstone that is dominated by 
platy corals in association with algae and other benthic and larger foraminifera. The platy 
corals are relatively thin and delicate but occasionally more fragile, robust (up to 2 cm) 
and non-uniform. The foraminiferal assemblage is dominated by Operculina, Amphiste-
gina and few Miogypsina, Lepidocyclina, Gypsina, miliolids and small benthic foraminif-
era. There is also a relatively high percentage of clay and calcareous matrices.
Palaeoenvironmental Interpretation: Thin, delicate and platy (plate-like) corals are 
typically assigned to conditions of low wave energy and low sedimentation rate (James, 
1979; 1983). Hence, deposition is inferred to have been within the lower part of the reef 
front environment, in water depths deeper than those in subfacies SB-1a, b and c. Pomar 
(2004) has also interpreted similar platy (or ‘dish’) corals to have been deposited in water 
depths ranging between 30-40 meters. In modern settings, plate-like corals are extensive 
at 55 meter water depth off Discovery Bay, Jamaica (James, 1983).
(2) Facies SB-2 (Algal-miliolid floatstone-wackestone) 
Description: Facies SB-2 is characterised by light to dark grey floatstone-wackestone 
with a very fine-grained, argillaceous and calcareous matrix (Plates 6.3(1) and 6.3(2)). 
The facies is dominated by miliolids (Austrotrillina and Quinqueloculina), Sorites, Alve-
olina and Flosculinela, and occasionally with small Amphistegina, Operculina, Gypsina, 
Planobulinella, Textularia, gastropods and other small benthic foraminifera. Other al-
lochems include echinoderm, red algae, mollusc and Halimeda fragments. Burrows are 
locally present, including Thalassinoides and Teichichnus. 
Palaeoenvironmental Interpretation: James (1983) interprets bafflestone to floatstone 
to occasionally framestones with a skeletal wackestone to packstone matrix as character-
istic of the back reef environment. Wackestone with high calcareous matrix and abundant 
miliolids (Austrotrillina and Quinqueloculina), Sorites, Alveolina and Flosculinela, with 
Amphistegina, Operculina, Gypsina, Planobulinella, Textularia and other small benthic 
foraminifera, has also been interpreted by Epting (1980) as back reef or restricted la-
goonal deposits.
(3) Facies SB-3 (Rhodolith-algal floatstone-rudstone) 
Description: Facies SB-3 is typified by stacks of floatstone beds that occasionally grade 
into floatstone-rudstone deposits. This facies also contains rhodoliths, red algal fragments, 
and small, larger and planktonic foraminifera, which all occur within a finer grained ma-
trix. Larger foraminifera particularly Operculina, Amphistegina, Lepidocyclina and Mio-
gypsina persist with the presence of a few Globigerina and Orbulina. 
Palaeoenvironmental Interpretation: The foraminiferal assemblage is typical of fore 
reef environment. The presence of rhodalgal may suggest deposition within a middle reef 
front environmet to reef slope environment. The occurrence of deep water foraminifera, 
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such as Cycloclypeus, and small planktonic foraminifera (Globigerina and Orbulina) fur-
ther supports deposition within the deeper part of reef slope environment. By comparison, 
the Lower Tortonian carbonate ramps of Mallorca assign rhodalgal facies to inner, mid-
dle, slope and outer ramp settings, while  red algae are abundant from the middle ramp to 
the lower slope (Brandano et al., 2005). Rhodolith growth started in water depths below 
10-20 m and the deepest rhodolith occurs in the ramp slope environment at water depths 
ranging from 70 to 100 m (Brandano et al., 2005). The rhodolith shape and structure are 
indicative of high-energy conditions and do not reflect a decrease in hydrodynamic en-
ergy related to water depth increase (Brandano et al., 2005). 
(4) Facies SB-4 (‘Stacked’ floatstone-rudstone) 
Description: Facies SB-4 is characterised by light grey to yellowish limestone with 
stacked, thin beds of floatstone, floatstone-rudstone, and locally packstone. The facies 
also contains coral and algal fragments, limestone clasts and rhodoliths in wackestone 
matrix with minor echinoderms, bryozoans and bivalves. The rhodoliths are several cen-
timeters in size, with variable thicknesses of encrusting red algae, with the foraminif-
eral assemblage consists of robust Amphistegina, Operculina, Lepidocylina, Miogypsina, 
Planobulinella and Rotalia, together with undifferentiated small benthic foraminifera and 
occasional Sorites and miliolids. 
Palaeoenvironmental Interpretation: The ‘stacked’ floatstone-rudstone facies contains 
similar foraminiferal assemblage to that of Facies SB-3 but it contains more deeper water 
foraminifera, such as Cycloclypeus, Globigerina and Orbulina. This stacked floatstone-
rudstone is interpreted to have been deposited at the margin of a reef complex within the 
fore reef environment.
(5) Facies SB-5 (Foraminiferal packstone/grainstone) 
Description: Facies SB-5 comprises a stack of packstone and packstone-grainstone, lo-
cally with thin intercalations of floatstone. Rhodoliths and red algal fragments are also 
present in lower part. Locally, large red algal clasts have borings with geopetal sediment 
fill, together with enrusting foraminifera and minor bivalves. Large bivalve fragments 
may have borings and encrustation by bryozoan. Smaller allochems are dominated by 
foraminifera, with minor red algae and echinoderms. The most abundant larger foraminif-
era is Cycloclypeus. Others include robust Lepidocyclina, Amphistegina, Operculina, and 
locally Planobulinella, and Lepidocyclina. Undifferentiated small benthic foraminifera 
are also present together with planktonic foraminifera, such as Globigerina and Orbulina. 
Palaeoenvironmental Interpretation: The main foraminiferal assemblage, together 
with the undifferentiated small benthic foraminifera and planktonic foraminifera (Glo-
bigerina and Orbulina), suggests deposition in an off reef environment, further offshore 
compared with the previous facies.
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(6) Facies SB-6 (Globigerinid wackestone/packstone) 
Description: Facies SB-6 is a black, hard and very tight limestone and usually occurs 
in very thin (5-10 cm thick) beds. The upper unit is normally covered by a thin layer of 
Miogypsinid packstone/wackestone. Facies SB-6 consists predominantly of Globigerina, 
Globoquadrina and Orbulina floating in a carbonate mud matrix, which is poorly sorted 
and often mixed with red algal and foraminiferal fragments.
Palaeoenvironmental Interpretation: The high abundance of deep water planktonic fo-
raminifera suggests deposition in a deep water marine environment. The absence of in-
situ benthic foraminifera, burrows and insignificant early marine cements further support 
deposition in an anoxic environment. The presence of terrigeneous clay and minor early 
cement strongly suggests slow rates of deposition within a very low energy environment, 
probably below fair-weather wave base. The occurrence of miogypsinid packstone at the 
top of each sequence may suggest intermittent bottom currents. 
(7) Facies SB-7 (Larger foraminiferal (miogypsinid) packstone/wackestone) 
Description: Facies SB-7 comprises dark coloured,  coarse-grained packstones/wacke-
stones, which are dominated by Miogypsina and algal fragments, occasionally with Am-
phistegina, Lepidocyclina and coral fragments. 
Palaeoenvironmental Interpretation: The foraminiferal assemblage displays a mixture 
of shallow and deeper water forms. The carbonate texture and limited benthic foraminif-
eral activities suggests oxygen deficiency in a relatively deep water setting. In contrast, 
the presence of miogypsinid packstone/wackestone is a strong shallow water indicator as 
Miogypsina thrives best in shallow water environment. The latter most likely reflect in-
termittent down slope currents, probably triggered by storms in shallow water areas. The 
absence of micrite within the sediments indicates possible anoxic conditions.
6.3.3 Subis Limestone depositional model
  This study shows that the limestone sequence consists mainly of interbedding 
lagoonal, reef crest, reef front, slope, fore reef and off-reef deposits. The lower part of 
the limestone sequence comprises deeper water sediments, followed by coral limestone 
successions (bindstone, framestone, bafflestone, rudstone) of reef crest to reef front facies 
that show different coral growth morphology. The corals are slightly platy in the bind-
stone facies and these grade into more branching forms in the bafflestone facies, followed 
by small and more massive forms in the framestone facies. These upward changes in coral 
morphology may correspond to shallowing upward conditions of the reef front environ-
ment, similar to the one observed in the Central Luconia cores (Chapter 7). However, 
these morphological changes are rather gradual. The lagoonal deposit is characterized by 
fine-grained, dark grey, homogeneous foraminiferal wackestone. These lagoonal deposits 
are separated by a sharp lithological contact. Mudstone and clean grainstones are virtu-
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ally absent at the current outcrop. The mixture of quartz grains occurs only in the lowest 
few foots of the complex suggesting a transition with the underlying Nyalau Formation, 
a substrate for carbonate growth. 
 The vertical succession within the coral-dominated section comprises bindstone-
bafflestone-framestone. Bindstone is generally composed of algal encrusting on bioclastic 
fragments that is often overlain by bafflestone. It mainly comprises branching corals ob-
served in their growth positions. This bafflestone is capped by a framestone that contains 
in-situ massive Porites corals and coral heads, between which occur micrite, algae and 
foraminifera. Encrusting algae and foraminifera are found in varying proportion through-
out these boundstones. The boundstone generally represents the in situ growth phase of 
the ecological reefs. The growth phase that started with algal bindstone stabilized the 
sediments in order to provide suitable substrate for corals to grow further. The abundance 
of algae and corals clearly indicates shallow sea, warm, clear and well circulated waters. 
The succession of framestone and bafflestone may indicate agitated water conditions at 
relatively shallow water depths. 
 Coarse broken fragments of coral, algae, clasts and foraminifera form rudstone 
and floatstone. They are generally poorly bedded and may represent deposition within an 
agitated water environment. Wackestone with chalky texture usually contains abundant 
and well preserved miliolids, broken fragments, benthic foraminifera and some larger 
foraminifera. Some are highly bioturbated. This association may indicate deposition in a 
restricted lagoonal environment. In comparison, packstone is composed mainly of ben-
thic foraminifera and broken algae to form a thick sequence. In some horizons, they are 
composed of abundant rhodoliths. The abundance of rhodolith-packstone may suggest 
deposition along the slope where the water is agitated within the photic zone. Calcitur-
bidites sediments, which is present at abundant quarry nearby but not described due to 
thick vegetation, are composed of dark, well bedded and often interbedded with shale. 
This interbedded lithology may derive from the periodic shading of debris from the reefal 
environment into deeper area where the muds were deposited possibly by the turbiditic 
currents.
 The siliciclastics surrounding the Subis Limestone complex are composed of grey 
to dark grey silty mudstones/shales, often intercalated with siltstone streaks. These shales 
belong to the Tangap Formation overlies the Setap Shale of the Sibuti Formation. The 
sediments in the west and south of the Subis complex are rather non-calcareous. Dumping 
of reef detritus from the complex into the surrounding sediments is evidenced by large 
boulders of black hard limestone found embedded in the shales along the road entering 
Batu Niah. The Subis Limestone complex is directly underlain by the Nyalau Formation 
which consist of inter-bedded fine sandstones and shales. These deeper marine carbonate 
bank deposits are believed to be intercalated with this clastic sediment. 
 A possible depositional model of the Subis Limestone build-up is summarized in 
Fig. 6.3 (4).
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6.4 The Suai Limestone Complex    
 The Suai Limestone complex (Plates 6.4 and 6.4 (1)) is located 40 km southwest 
of the Subis Limestone complex. The Suai Limestone overlies the Nyalau Formation. This 
study focuses on two quarry sites, which show horizontal and well bedded limestones. A 
total of 66 m thick of carbonate has been logged at these two localities (Plates 6.4 and 6.4 
(1)) and represented by about 150 m of lateral exposure. This limestone is overlain by a 
thick interbedded shale and sandstone sequence. The siliciclastics surrounding the Suai 
complex comprise grey to dark grey silty claystones with intercalated siltstone streaks. 
These shales are locally termed the Tangap Formation that overlies the Setap Shale of the 
Sibuti Formation, which is similar to the unit overlying the Subis and Upper Unit of the 
Batu Gading Limestone complexes. 
 6.4.1 Sedimentological and stratigraphic description 
 The Suai Limestone complex (Plates 6.4 and 6.4 (1)) sits on top of the Nyalau 
Sandstone Shoal and comprises a series of fining and deepening upward sequences (cm-
m in thickness). Each sequence contains long and flat Eulepidina spp. (up to 15 cm long), 
which is present in association with medium-grained sands that gradually changed up-
wards into a foraminiferal assemblage dominated by Cycloclypeus and Spiroclypeus 
within a clay-rich matrix. Water escape structure and bioturbation are common at the 
base of each sequence. Each sequence passes gradually upwards into muddier facies with 
fewer larger foraminifera, and is finally capped by homogeneous mudstone/wackestone. 
There are twenty repeated cycles, of variable thicknesses within the entire carbonate suc-
cession. The contacts between this limestone and the surrounding siliciclastic deposits are 
abrupt. 
 The occurrence of Lepidocyclina sumatrensis and Eulepidina dilitata, dates the 
Suai Limestone complex as early Miocene (Upper Te to Tf1) (Mahani, PETRONAS Re-
search, 2008; Marcelle, UCL, 2008 - personal communications). The correlation of the 
Suai Limestone from several localities is shown in Figs. 6.4 (1) and 6.4 (4).
 6.4.2 Facies description and depositional environment interpretation 
 Based on sedimentary features, texture and fossil assemblages, the following four 
major facies have been recognised within the Suai Limestone complex:
(1) Facies SU-1, Large Eulepidina dilatata sandy wackestone/packstone, 
(2) Facies SU-2, Eulepidina-Sphaerogypsina-Cycloclypeus  packstone 
(3) Facies SU-3, Clycloclypeus-Rhodophyte-Spiroclypeus packstone, and 
(4) Facies SU-4, Eulepidina-Spiroclypeus-Lepidocyclina packstone. 
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 The results of foraminiferal identification in selected samples and facies in the 
Suai Limestone complex are tabulated in Appendix 6.3. The lithofacies photos are shown 
in Plates 6.4 (2) and 6.4 (3) while the microscopic views of these different facies are 
shown in Plate 6.4 (4) and 6.4 (5). The sedimentological description and correlation with-
in the entire Suai Limestone complex is shown in Figs. 6.4 (1) and 6.4 (4).
(1) Facies SU-1 (Large Eulepidina dilatata sandy wackestone/packstone)   
Description: Facies SU-1 shows a sharp contact at the base and  a gradual, increasingly 
muddier succession towards the top. This facies is dark to black wackestone/packstone 
with sandstone and/or clay matrix. The larger foraminifera are randomly distributed and 
often display imbrication and fluid escape structures. It also contains unusually large, flat 
larger foraminifera, mostly Eulepidina dilatata, which are up to 15 cm long and often 
closely associated with fine to medium grained sands. There are subordinate occurrences 
of Lepidocyclina (N), Cycloclypeus and Amphistegina. 
Palaeoenvironmental Interpretation: The presence of water escape structures suggests 
periodically very rapid sedimentation. This fossil assemblage suggests deposition in the 
proximal part of a bank/shoal complex or zone 1 of the model (Figs. 6.4 (3) and 6.4 (2)). 
This compares closely with similar facies found in  the Prupuh Beds in NE Java (Lunt 
and Allan, 2004).
(2) Facies SU-2 (Eulepidina-Sphaerogypsina-Cycloclypeus packstone) 
Description: Facies SU-2 is dark grey in colour and displays predominantly rounded or 
oval-shaped larger foraminifera, which are randomly distributed within the light to dark 
grey clay-rich matrix. It usually forms a transition between the Facies SU-1 and SU-3. 
The basal contact is usually sharp, while the upper contact is gradational. This facies 
contains an admixture of larger and usually rounded forms of benthic foraminifera. It 
is dominated by Eulepidina ephippoides, Sphaerogypsina sp., Eulepidina spp., Cyclocl-
ypeus spp., Amphistegina sp., Eulepidina badjirraensis and Lepidocyclina (N) brouweri. 
Coralline algae are occasionally present in some samples. This facies is always matrix-
supported and becomes muddier upwards. 
Palaeoenvironmental Interpretation: The presence of Eulepidina, Sphaerogypsina and 
Cycloclypeus suggests that the deposition was either in the middle part of carbonate bank 
or at the toe of the slope. It is thought to be equivalent to zones 3 and 4 of the model 
shown in Figs. 6.4 (3) and 6.4 (2).
(3) Facies SU-3 (Clycloclypeus-Rhodophyte-Spiroclypeus packstone) 
Description: Facies SU-3 represents the top-most portion of the Suai Limetone sequence. 
It is dominated by a very fine-grained argillaceous or calcareous matrix. This facies con-
tains Cycloclypeus spp., Rodophyte, and Cycloclypeus carpentry, which are present in as-
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Thallasionoides-rich sandstone 
 (below the carbonate) 
A B
C D
E F
Plate 6.4 (2): Outcrop photos show various types of the lithologies from the Suai Limestone complex. (A and B) 
Thallasinoides-rich sandstone at the base of limestone. (C to F) Eulepidina-rich limestone. Thin sand bed is also 
present in E.
Thin sandstone bed
Locality 1 Locality 1
Locality 1 Locality 1
Locality 1 Locality 1
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Plate 6.4 (3): Major facies and subfacies within the Suai Limestone complex. The facies is dominated by 
flat Eulepidina-rich facies that grades into matrix-rich facies with well rounded Lepidocyclina 
(dominated by Cycloclypeus and Spiroclypeus). These facies formed a complete depositional cycle.  
within the Suai complex.    
A B
C D
E F
204 Chapter 6 - Sedimentology of Onshore Carbonates
1 
2 
3 
4 
5 
6 
7 
8 
9 
Pl
at
e 
6.
4 
(4
):
 P
ho
to
m
ic
ro
gr
ap
hs
 s
ho
w
 d
if
fe
re
nt
 m
ic
ro
fa
ci
es
 w
ith
in
 i
n 
th
e 
Su
ai
 L
im
es
to
ne
 c
om
pl
ex
. A
t 
le
as
t 
fi
ve
 f
ac
ie
s 
w
er
e 
re
co
gn
iz
ed
 w
ith
in
 th
e 
co
m
pl
ex
 r
ep
re
se
nt
in
g 
th
e 
sh
al
lo
w
 to
 d
ee
p 
w
at
er
 e
nv
ir
on
m
en
ts
.  
Sa
m
pl
e 
: S
U
-B
as
e 
:
Sa
m
pl
e 
: S
U
1a
Sa
m
pl
e 
: S
U
-3
Sa
m
pl
e 
: S
U
-8
Sa
m
pl
e 
: S
u2
4
Sa
m
pl
e 
: S
U
3
Sa
m
pl
e 
: S
U
25
Sa
m
pl
e 
: S
U
18
Sa
m
pl
e 
: S
U
9
205Chapter 6 - Sedimentology of Onshore Carbonates
Pl
at
e 
6.
4 
(5
) :
 P
ho
to
m
ic
ro
gr
ap
hs
 s
ho
w
 d
iff
er
en
t c
om
po
ne
nt
s 
of
 m
ic
ro
fo
ss
ils
 in
 d
iff
er
en
t f
ac
ie
s 
w
ith
in
 th
e 
Su
ai
 L
im
es
to
ne
 c
om
pl
ex
. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
 
11
 
12
 
Sa
m
pl
e 
: S
U
3
Sa
m
pl
e 
: S
U
91
Sa
m
pl
e 
: S
U
19
 
Sa
m
pl
e 
: S
U
16
Sa
m
pl
e 
: S
U
92
Sa
m
pl
e 
: S
U
30
Sa
m
pl
e 
: S
U
19
Sa
m
pl
e 
: S
U
92
Sa
m
pl
e 
: S
U
-S
19
Sa
m
pl
e 
: S
U
25
Sa
m
pl
e 
: S
U
26
Sa
m
pl
e 
: S
U
75
206 Chapter 6 - Sedimentology of Onshore Carbonates
Eulepidina-rich
LEGEND (Prior to Thin Section study)
Eulepidina-poor
Lepidocyclina Wkst/Pkst
Foraminiferal Pkst/Gnst
Eulepidina dilata Pkst/Wkst
Mixed larger foram Wkst/Pkst
Sandstone
Shale
Outcrop 1
Outcrop 2
Siliciclastic
sequences
(Setap Shale)
Datum
SUAI LIMESTONE COMPLEX
Fig. 6.4 (1) The general discription of lithofacies at different localities
within the Suai Limestone Complex. The sampling points are shown in RED.
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POSSIBLE DEPOSITIONAL MODEL
Landward Seaward
Sea- level
Open
Sea
SU-1
SU-2
SU-4
SU-3
Large Eulepidina
dilatata sandy/muddy
packstore
Eulepidina-Sphaero
gypsina-Cycloclypeus
packstore
Cycloclypeus - Rhodo
Phyte-Spiroclypeus
Packstone
Eulepidina - Spiro
clypeus - Lepidocyclina
Packstone
Sandstone
Possibly
Shoal Slope
Bank Slope
Deep Open 
Marine Shelf
Bank Margin
Shallow Bank/
Shoal
1
6, 2, 3
4
2, 3
6, 2
Zone Eulepidina, Miogypsina Shallow marineBank
Euphotic Zone
Base
Wave Base
Lagoon
Thallasinoides, sst
Slope of Bank
Open Shallow
marine / Shelf
Open Marine Shelf
Open Marine (Deep)
Shallow lagoon
Restricted Lagoon
Eulepidina, Lepidocyclina, Amphistegina
Lepidocyclina, Spiroclypeus
Spiroclypeus, Cycloclypeus
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Fig. 6.4 (2) The Suai Limestone complex succession with possible depositional 
environment interpretation. Some of the selected samples are shown in RED.ThalasinoidesSandstone
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BACK REEF
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Fig. 6.4 (3): Foraminiferal distribution model within the carbonate shelf during Cenozoic (after 
Van Gorsel, 1988).
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sociation with Cycloclypeus pillaria, Eulepidina spp., Amphistegina spp., Lepidocyclina 
spp., Lepidocyclina (N) brouweri and Spiroclypeus spp. Most of these fauna are rather flat 
compared to the more rounded forms in Facies SU-2. Algae and small benthic foraminif-
era are occasionally present. 
Palaeoenvironmental Interpretation: The fossil assemblage suggests deposition within 
a deeper area toward the distal part of a shoal or bank complex, and equivalent to zones 3 
and 4 in the model (Figs. 6.4 (3) and 6.4 (2)).
(4) Facies SU-4 (Eulepidina-Spiroclypeus-Lepidocyclina packstone)
Description: This facies is a dark grey mud-supported carbonate, which is dominated 
by Eulepidina badjirraensis, Spiroclypeus spp. and Lepidocyclina (N) sondaica, that oc-
cur in close association with Spiroclypeus tidoenganensis, Lepidocyclina(N) oneataensis 
and Eulepidina dilatata. Occasionally, Globigerina spp., Quinqueloculina spp., Mio-
gysinodella spp., and Miolepidocyclina spp. are also present with minor algae. Spirocl-
ypeus spp is locally more dominant than the Eulepidina badjirraensis and other larger 
foraminifera. This facies is restricted to the top-most part of the carbonate sequence. 
Palaeoenvironmental Interpretation: The Spiroclypeus is typical of deep water envi-
ronments. Hence, the dominance of Spiroclypeus spp. together with other deeper water 
foraminifera, such as Eulepidina spp., Lepidocyclina spp. and Globigerina spp., strongly 
suggests deposition in a relatively deep water environment, probably in the most distal 
part of a bank complex. The is further supported by the common occurrence of planktonic 
foraminifera, such as Globigerina spp.
 A depositional model of the Suai Limestone complex is shown in Figs. 6.4 (3) and 
6.4 (2). The distribution of Eulepidina dilatata facies within the area is shown in Fig 6.4 
(4).
6.5 The Bekenu Limestone Complex
 The Bekenu Limestone complex (Plates 6.4 (1) and  6.5 (1)) is partially exposed 
at the abandoned Kampung Opak quarry, which is located about 10 km from the small 
town of Bekenu (Plate 6.5 (1)). The Bekenu Limestone complex contains the alternation 
of very thin beds (from a few mm and up to 50 cm thick) of calcareous mudstone and ar-
gillaceous limestone/shale. The total thickness of this carbonate is unknown but about 35 
m of the succession is well exposed in the quarry, although contacts with bounding Setap 
Shale are not exposed. Unfortunately, there is only limited access to the steeply-dipping 
quarry walls (safety reasons).
 6.5.1 Sedimentological and stratigraphic description 
 The Bekenu Limestone complex (Plate 6.5 (1) and Fig. 6.5 (1)) displays similar 
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gross stratigraphic relationships to those of the Subis and Suai Limestone complexes and 
is surrounded by low-lying areas that are consist of the Setap Shale. The steeply-dipping 
(c. 45o towards the east) Bekenu Limestone complex comprises repeated cycles of white 
to yellowish, very fine grained and thinly bedded (between 0.5-50 cm thick) argillaceous 
limestones and calcareous shales (Plate 6.5 (2)). Minor burrows and iron concretions 
are also observed. The dominant Globigerinoides spp. suggests an early Miocene age 
(Marcelle of UCL, Mahani of PETRONAS Research, 2009 – personal communications), 
which is equivalent to the Subis, Suai, and upper unit of the Batu Gading Limestone com-
plexes.
 6.5.2 Facies description and depositional environment interpretation
 The Bekenu Limestone complex comprises of two major facies: (1) Calcareous 
siltstone, and (2) Silty mudstone. Both facies contain Globigerinoides spp. but some with 
more Textularia and miliolids. The sequence is characterized by white to yellowish, very 
fine laminated argillaceous limestones and calcareous shales and rarely bioturbated by 
small trace fossils. This facies is composed mainly of planktonic foraminifera (Globige-
rina spp., Globigerinoides quadrilobatus, Globigerinoides obliquus and minor Globo-
quadrina altispira in association with Textularia sp., Polymorphin sp., and Lepidocyclina 
sp. Occasionally, broken shell fragments could also be found. The description of major 
foraminiferal constituents in selected samples of the Bekenu Limestone is shown in Ap-
pendix 6.5. This fossil assemblage suggests that the deposition took place within the mid-
dle shelf environments, slightly deeper than any of the studied onshore carbonates (Plate 
6.5 (2)), possibly under the influence of storm-induced currents. 
6.6 Summary 
 This section aims at clarifying the characteristics, ecological and physical controls 
of a short range larger foraminifera (Nummulites) and a comparison of possible deposi-
tional models for different studied carbonates in the area. 
 6.6.1 The Batu Gading Limestone complex
 (i) Ecological and physical controls on Nummulite accumulations 
 Nummulites have alternating asexual and sexual generations, characterized by 
small A-forms (2-7 mm) and larger B-forms (20-35 mm) (De la Harpe, 1883; Hallock, 
1982; Racey, 2001; Jorry et al., 2003). The distribution of these two Nummulite mor-
phologies is controlled by the hydrodynamics of the depositional systems. The smaller 
A-forms in association with large flat Discocyclina are dominant in the deeper water 
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flank areas, while the B-forms are often dominant in high-energy crestal locations (Hal-
lock, 1982; Racey, 2001; Jorry et al., 2003). The Nummulites are always present in as-
sociation with other larger foraminifera and have lived symbiotically with photosynthetic 
algae restricted to 25oC, in clear, shallow water depths (<120 m) and within the euphotic 
zone (Reiss and Hottinger, 1984). In this symbiotic relationship, the Nummulites provided 
shelter for the algae, while the algae produced oxygen and nutrients for the Nummulites. 
Light intensity and water level energy are the two most important factors controlling the 
larger foraminiferal distribution. However, reproduction strategies are the important eco-
logical process in determining the fabric of Nummulites accumulations. Like other larger 
foraminifera, Nummulites have a dimorphic life cycle comprising abundant small (2-7 
mm) asexually-produced A-forms, which are characterized by large first chamber (mega-
losphere), and common, larger (20-35 mm), sexually-produced B-forms with a small first 
chamber (microsphere) (De la Harpe, 1883; Hallock, 1982; Racey, 2001; Jorry et al., 
2003). Many authors have assumed that the asexual and sexual generations alternate, and 
give rise to an assemblage with an A to B ratio of approximately 10:1 (Blondeau, 1972). 
 The Nummulite accumulations in the Lower Unit of the Batu Gading Limestone 
complex compare favourably with those described from other areas, particularly the in-
fluence of physical (scouring, winnowing and imbrication) and biological (reproduction 
strategies and bioturbation) processes (Racey, 2001). These accumulations are neither 
true ‘reefs’, because they lack an organic framework, nor are they true ‘shoals’, because 
they were not formed entirely by physical processes (Faunie, 1975). The Nummulites 
have little associated microfauna, suggesting the deposition took place in a nutrient-poor 
(oligotrophic) environment with significant hydrodynamic sorting. Size and shape were 
used as morphological criteria to differentiate the facies as the changes are very gradu-
al due to gradual change in water depths. The Nummulites represent a broad range of 
environments. including open marine platform, shelf and ramp settings (Racey, 2001). 
However, the depositional environment of Nummulite accumulations is often difficult to 
interpret as the Nummulites palaeoecology is poorly understood. In North Africa, for ex-
ample, several nummulitic facies models have been proposed, where the Nummulites are 
interpreted to have been deposited in bank (Moody et al., 1987), low angle ramp (Conte 
et al., 1974; Buxton and Pedley, 1989), and shoal complexes within mid-ramp settings 
(Racey et al., 2001). These models mainly reflect variability in terms of carbonate pro-
duction and sedimentary processes. In the absence of ramp or platform settings, the Batu 
Gading Limestone complex has been interpreted as a bank or shoal deposit.
     
 (ii) Sequence development history and depositional model of the Batu Gad-
ing Limestone complex
 During the Late Cretaceous to early Eocene, the northern part of Sarawak, includ-
ing the Batu Gading area, was subjected to periodic uplift and deformation (Hutchison, 
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1986). This is represented by folded and uplifted blocks comprising the  Kelalan Forma-
tion. These areas were characterised by non-depositional and hiatus periods during the 
early to middle Eocene. These uplifted blocks also provided favourable substrates for 
carbonate growth. During the Late Eocene, the Batu Gading area was under shallow 
water conditions that allowed development of nummulitic shoals or banks. Initially, the 
nummulitic limestone used the hiatus surface of the Kelalan Formation sandstone as a 
substrate, as evidenced by sandstone blocks and fragments at the base of the nummulitic 
sequence (Figs. 6.2 (6) and 6.2 (7)). The massive nummulitic limestone facies represent 
deposition in the main, proximal shoal/bank area (e.g. locality 2; Fig. 6.2 (5)). The inter-
bedding between Nummulites-rich and Nummulites-poor limestones, with different pro-
portions of matrix (e.g. north of locality 3; Fig. 6.2 (5)), suggests inter-fingering between 
proximal and more distal shoal/bank settings (Fig. 6.2 (8)). 
 These Late Eocene nummulitic limestones are unconformably overlain by the late 
Oligocene to early Miocene reefal carbonates, although the boundary is lithologically 
indistinct. Nonetheless, this unconformity suggests a period of non-deposition or hiatus 
during the Paleocene-Oligocene. In addition, three thin (<0.5 m) Lepidocyclinid (Eule-
pidina dilatata) limestone beds supports deposition in a very shallow water environment 
during the late Oligocene-early Miocene. The presence of limestone breccia, comprising 
massive and branching corals, represent the talus deposits of nearby reefal carbonates, 
which are surrounded by Globigerinid limestone of deep water shelf deposits. Subse-
quently, the Upper Batu Gading Limestone deposition continued in a middle shelf envi-
ronment, with the accumulation of finely laminated limestone and calcareous siltstone/
sandstone, Carbonate deposition was terminated by siliciclastic influx during the early 
Miocene (Fig. 6.2 (8)). 
 6.6.2 The Subis Limestone complex
  (i) Sequence development history and depositional model 
 Good fossil preservation within the Subis Limestone provides a depositional link 
between the carbonates and the adjacent siliciclastic deposits. The old abandoned quarry 
in the southern flank (Sekaloh Quarry) mainly consists of slope or offreef deposits based 
on the mixed shallow and deeper water fauna. The presence of coral/bioclastic packstones 
with abundant corals in random positions and algal fragments of shallow marine offreef 
to reefoid environments in the lower part of the sequence may represent a very proximal 
reef talus deposits. The environment was mainly deeper marine offreef and shows gradual 
deepening towards the upper part based on the abundant rhodolites. As rhodolites require 
constant water movement to grow and occur in relatively deeper water (minimum 10-20 
m, maximum 100 m as suggested by Brandano et al, (2005)), their presence supports 
either the influence of tidal currents around the southern slope of the complex or storm re-
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working from higher parts of the complex. The absence of clastic grains in the limestones 
indicates the palaeo-high towards the south was sufficient to prevent siliciclastic influx. 
 Within the main study area (i..e. the present-day active quarry site), the facies suc-
cession represents a transition between the flank and interior parts of a carbonate build-
up. This mainly comprises interbedded coral-dominated limestones and minor protected 
lagoonal sediments. On the western part, a 1-m thick layer of coral breccia may represent 
part of a slope deposit. The nearby Batu Niah quarry shows completely different features, 
most notably abundant planktonic foraminifera, which probably deposited by tidal cur-
rent connecting the main build-up  with the adjacent deeper water area. The underlying 
Nyalau-Tangap Formation and laterally equivalent mudstones to the lower/middle Subis 
Limestone (e.g. north of the main quarry) were deposited in holomarine middle neritic 
(middle shelf) and holomarine outer neritic (outer shelf) environments, respectively (Jordi 
(1953). Mudstones to the southeast of the Trusan Fault (Fig. 6.3 (1)) comprise holomarine 
outer neritic/outer shelf/bathyal environments, while those to south of the studied quarry 
were deposited in holomarine middle neritic (middle shelf) settings.
 The Subis Limestone complex initially developed as a foraminiferal/algal deeper 
marine bank in a middle shelf setting (e.g. observations at the old 922 quarry site; Fig . 
6.3 (4)). The admixture of sand and silt at the base of the limestone complex was prob-
ably derived from reworking of the underlying siliciclastic Nyalau Formation. The sedi-
ments above the basal limestone mainly consist of shallow marine offreef-bank deposits. 
The reefoid environment is only preserved locally in the northern and stratigraphically-
highest parts of the complex, where corals are most abundant. Elsewhere, intercalations 
of reworked reefoid facies with those representing protected environments are present 
throughout the complex. In the southern part there is no systematic dominance of any of 
these groups. A protected lagoonal environment was restricted to the central and southern 
part of the complex.
  Stratigraphically equivalent mudstones to the outcropping Subis Limestone 
(Scheumer, 1977) show very limited influence of the carbonate build-up. This is mainly 
restricted to very fine detrital material and occasional fragments of reef detritus. In the 
southern flank, the neritic mudstones grade laterally into their bathyal equivalents. After 
the deposition of deeper marine bank deposits, shallowing occurred in central part of the 
complex, probably in response to a relative sea-level fall. Reef growth was intermittently 
interrupted, possibly during tectonically unstable periods. The presence of outer shelf 
to bathyal shales above the limestone in nearby outcrops suggests that the complex was 
drowned by accelerated subsidence. A depositional model of the Subis Limestone com-
plex shows a striking similarity to the younger build-ups in the Central Luconia Province 
(Fig. 6.3 (4)).
  (ii) Comparison of the Subis Limestone with other offshore build-ups 
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 The Subis Limestone complex is older (Te5, upper Cycle I, late Oligocene to early 
Miocene) than the Central Luconia carbonates (middle to late Miocene), but it shows 
many similarities. Growth of the isolated Subis Limestone complex was initiated on a 
palaeo-structural high, with sandstones from the underlying Nyalau Formation provid-
ing the nucleus for carbonate growth. This phase of growth was limited to shallow/deep 
marine bank carbonates, with intercalated with siliciclastic deposits, at the base of the 
build-up.  
 The Subis Limestone complex dimension is about 6 x 6 km2 with a minimum 
estimated thickness of 300 m at the build-up centre (Barbeito, 2005). It is asymmetrical 
in cross-section, the more gently dipping flanks towards the north and a steeper flank 
towards the south (Fig.6.3 (1)). This geometry and dimensions are comparable with off-
shore build-ups in the Central Luconia Province. The Subis Limestone succession com-
prises an alternation of very shallow lagoon/more reefoid facies and relatively deeper 
open marine limestones that reflect fluctuations in ecological conditions due to sea-level 
changes during the late Oligocene - early Miocene. The termination of carbonate growth 
on the Subis Limestone seems to have been caused by drowning, based on the overlying 
deeper water mudstones. In the Central Luconia carbonate build-ups are terminated by 
either drowning or by a rapid influx of siliciclastics sediments. The latter reflect closer 
proximity to active distibutary mouths of the Baram Delta during periods of widespread 
progradation. 
 6.6.3 The Suai Limestone Complex
 (i) Sequence development history and depositional model 
 The Suai Limestone complex is interpreted to have been deposited as bank or 
shoal deposit that grew on a local palaeo-structural high, also consisting of the Nyalau 
Formation, that was uplifted during the early Miocene. Initially, this palaeo-topographic 
high comprised strongly bioturbated sandstones, with abundant Thalassinoides burrows 
indicating a shallow marine environment. The Suai Limestone complex is surrounded by 
the Setap Shale, which was deposited in an outer neritic environment. The initial phase 
of Suai Limestone development was a larger foraminiferal complex deposited in a mid-
dle neritic (middle shelf) environment, including the Eulepidina-rich facies at the base 
of the complex. This carbonate build-up is characterised by (1) cyclic and deepening 
depositional patterns,  (2) dominance of Eulepidina sp in Facies SU-1 with abundant 
sand grains, (3) abundance of Spiroclypeus and Cycloclypeus in Facies SU-2 to SU-4 
with clay-rich matrix, and (4) an absence of coral fragments. Taken together, these fea-
tures indicate that these deposits were not formed in a true reef environment. Similarly, 
these features and the absence of rhodoliths, which requires constant water movement 
for their growth, suggests a moderate to deep water depth (minimum 10-20 m, maximum 
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100 m; Brandano et al., 2005). The water escape structures indicates rapid deposition. 
The presence of quartz grains in the lepidocyclinid limestones suggests that the influx 
of siliciclastic sediment, possibly due to either storm events or bottom traction currents. 
Overall, the Suai Limestone was deposited in a carbonate bank to distal open marine shelf 
environment (Figs. 6.4 (2) and 6.4 (3)).
 6.6.4 The Bekenu Limestone Complex
 (i) Sequence development history and depositional model 
 The Bekenu Limestone complex is characterised by abundant and widespread 
planktonic foraminifera. This suggests that deposition took place within the same envi-
ronment with relatively quiet water conditions. The abundance of planktonic foraminif-
era, such as Globigerina spp and Globoquadrina spp. with Zoophycus ichnofacies, indi-
cates deposition within a inner to middle neritic environment. The occasional occurrence 
of Globoquadrina spp. suggests that deposition may have periodically extended into an 
outer neritic environment (Jordi,1953). 
 6.6.5 Sedimentary model reconstruction of northern Sarawak
 The Batu Gading (Melinau Formation), Subis, Suai and Bekenu Limestone com-
plexes form part of the late Eocene-early Miocene sedimentary fill of the northern part 
of the Sarawak Basin. The palaeogeographic setting comprised a broad shelfal area de-
veloped above the folded and thrusted, deepwater siliciclastic sediments of the Rajang 
Group (Haile, 1962). The basin deepended towards the north-east, across the West Baram 
Line, where the Setap Shale was extensively developed. The edge of the northern shelf 
area, defined by the Wesrt Baram Line, also comprised uplifted and folded NW-SE an-
ticlines, which formed isolated islands consisting of uplifted Mulu and the Kelalan for-
mations. These islands were favourable sites for initiating carbonate growth, such as the 
Batu Gading nummulitic banks, which grew on top of the uplifted Kelalan Formation 
(Adams, 1965; Adams and Haak, 1962). Another non-depositional or hiatus period dur-
ing the Paleocene-Oligocene, is represented by an unconformity separating the Lower 
and Upper Units of the Batu Gading Limestone complex. Uplift of a block comprising 
the Lower Unit of Batu Gading Limestone would have provided an excellent site for 
the re-establishment of carbonate growth during the early Miocene. The Suai, Subis and 
Bekenu build-ups were also developed on palaeo-structural highs, which in these cases 
were cored by uplifted and folded Nyalau Formation. The older Oligocene limestones are 
restricted to within the Keramit and Selidong limestones (Adams and Wilford, 1972). 
 The early Miocene limestones are much more extensive than those of the Late 
Eocene. They are represented by the upper part of the Melinau Formation to the north-
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east (not covered by this study), the Upper Unit of the Batu Gading Limestone to the east 
and the Subis, Suai and Bekenu Limestones complexes to the west. The Subis complex 
sits on top of the Tangap Formation high (Haile, 1962) and formed an ecological reef 
complex. This was dominanted boundstone consisting of massive and branching corals, 
coralline algae, and foraminifera at the margin of the build-up. Lagoonal facies dominate 
the centre of this build-up, while some offreef and reef front deposits occur along the reef 
flank. Three major sequence boundary surfaces have been recognized within the Subis 
Limestone complex, which suggests at least three major 3rd order sea-level falls during 
its development. In contrast, the Suai Limestone, which is located 40 km south-east of 
the Subis Limestone complex, grew in relatively deeper water contemporaneous with 
the Setap Shale. The Suai Limestone shows a completely different biota systems, fa-
cies association and size of the larger foraminifera compared to all the other complexes. 
Cyclic depositional patterns comprise the following (from bottom to top): (1) flat and 
large Eulepidina-dominated facies association, with single shells up to 15 cm long, (2) 
more rounded Cycloclypeus and Spyroclypeus, and (3) very fine larger foraminifera in 
association with planktonic laminated mudstone. The large Eulepidina and Cycloclypeus 
unfavourable depositional conditions, with some faunas having to struggle for nutrients. 
In contrast, the foraminiferal population living under very favourable environmental con-
ditions tends to mature in the minimum of time and reproduces  relatively small adults 
size (Hallock, 1986). In a population which is stressed by low temperature, insufficient 
nutrient and light intensity, and other unfavourable factors, individual fauna tend to grow 
more slowly but then mature to a larger size (Bradshaw, 1957). Flatter, thinner-tested with 
maximum surface-to-volume rate, symbiont-bearing foraminifera can live under quieter 
conditions and in deeper water depths than thicker, more spheroidal forms (Haynes, 1965; 
Hallock, 1986). Hence, the nature and occurrence of the largest individuals, such as Eu-
lepidina dilatata and other larger foraminifera seen in the Suai Limestone, were prob-
ably controlled by palaeooceanographic conditions. Marine areas with low nutrient-levels 
and restricted light intensity were generally less favourable for growth (Hallock, 1986). 
Hence, it is concluded that this facies association indicates deposition within a slightly 
deepwater environment, probably within a bank/shoal to open shelf setting. 
 The well SB-2, drilled outside the flank of the Subis Limestone complex (Fig. 6.6 
(1)), indicates that all deeper marine bank deposits comprise wackestone to packstone 
carbonates with intercalated siliciclastic deposits. The limestones frequently have a sig-
nificant admixture of clay and silt size quartz, and sometimes grade into fossilifereous 
sandstone/siltstone. Similar to the Subis Limestone, the detrital character of the limestones 
seems to be largely caused by biological degradation. This well initially encountered the 
transition of the Nyalau-Tangap formations to form the base of the Subis Limestone com-
plex. The well data indicate that the whole drilled interval is stratigraphically older than 
the Subis Limestone and its surrounding mudstones. In the Subis Limestone complex, 
Miogypsina, Eulepidina and Spiroclypeus are found throughout the interval, which are 
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indicative of a Te age. The planktonic foraminifera within the intercalated mudstones 
belong to the Catapsydrax dissimilis stainforthi to Globigerina binaiensis zones (Pedro, 
2005; Mahani of PETRONAS Research 2008-personal communications). Fossil assem-
blages within this limestone suggest that the Subis Limestone was deposited in the lower 
part of the Te5, which is equivalent to upper Cycle I (earliest early Miocene). The facies 
discovered within the SB-2 well are closely comparable to those in the Subis Limestone 
outcrops. In addition, the Facies SU-1 (Eulepidina dilatata), from the Suai Limestone 
complex, is also present in the well SB-2 within a 500 m-thick carbonate succession. This 
confirms the widespread lateral extent of the Eulepidina dilatata facies (Facies SU-1. 
 The Bekenu Limestone complex, located about 70 km north of Suai Limestone 
complex (Fig. 6.1), consists of very fine grained, occasionally with irregular silty-grained 
quartz, poor quality, and finely laminated and interbedded mudstone and calcareous shales 
over a thickness of exceeding 40 m. The presence of Zoophycus with finely laminated cal-
careous mudstones with abundant planktonic foraminifera, such as Globigerinoides spp 
and Globoquadrina spp., suggests a deepwater environment, probably deeper than the 
Suai Limestone. 
 The early Miocene sequence of the Upper Unit of the Batu Gading Limestone 
shows a mixture of shallow and slightly deeper water environments. Corals are well de-
veloped towards the top of the sequence as evidenced by the presence of limestone brec-
cias of talus deposit, suggesting deposition close to a coral reef build-up. The presence of 
Eulepidina-Spiroclypeus bed also indicates periodic drowning of the build-up, possibly 
with middle to outer neritic water depths, before returning to shallow water deposition. 
Carbonate was finally terminated by an influx of siliciclastic sediment, which directly 
overlie the carbonates.  Information from the nearby well EN-1, drilled about 60 km north 
of the Batu Gading Limestone outcrop (Fig. 6.1), indicates carbonates of Cycles I and II, 
which are equivalent to the Upper Unit of the Batu Gading Limestone. The carbonate fa-
cies in this well is dominated by planktonic foraminiferal wackestone with abundant Glo-
boquadrina spp., which suggests deposition in the middle to outer neritic environments. 
 The petrographic information from 3838 m to 4570 m in the Well RB-1 (Fig. 6.5 
(3)) offshore, the only well penetrating the Cycle II/I carbonates, reveals that the entire 
carbonate succession within the area is generally deepening upwards from Rodophyte-
Miogypsina-Lepidocyclina facies to more Spiroclypeus-Lepidocyclina-Cycloclypeus fa-
cies. These data suggest that the present offshore area near the RB-1 well was also rela-
tively deep during the deposition of the Suai Limestone.  
 The integration of data from the Batu Gading, Subis, Suai, and Bekenu Lime-
stones outcrops and the subsurface information from nearby wells revealed such a useful 
and valuable information that help in understanding the development of the early Mio-
cene in northern Sarawak. The correlation of different wells and outcrops onshore are 
shown in Fig. 6.6 (1). The correlation of different onshore wells and outcrops is shown in 
Fig. 6.6 (1). The refined early Miocene palaeogeography, development history and sedi-
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mentary model of the carbonates in northern Sarawak are illustrated in Figs. 6.6 (2) an 6.6 
(3).
6.7 Conclusions
 This sedimentary facies analysis of four carbonate build-ups in onshore Sarawak 
has resulted in the following conclusions:
1. The Lower Unit of the Batu Gading Limestone comprises Late Eocene nummulitic 
limestone, which is separated from the underlying Late Cretaceous Kelalan Formation by 
the angular unconformity. The Upper Unit of the Batu Gading Limestone comprises early 
Miocene carbonates, bounded at its base by another disconformity surface. The rest of the 
limestone complexes are of the early Miocene age. 
2. The Subis, Suai, Bekenu and Upper Batu Gading Limestone complexes are age equiva-
lent, but consist of completely different biota systems and facies types. 
3. The Lower Unit of the Batu Gading Limestone (Late Eocene) comprises two major 
facies: (1) Facies BG-L1 (Nummulites-rich packstone), and (2) Facies BG-L2 (Nummu-
lites-poor wackestone), which were deposited in proximal shoal/bank and distal shoal/
bank environments. Based on texture, size and shape of the Nummulites, these facies 
have been further sub-divided into: (i) Sub-facies BG-L1a (large robust nummulitic pack-
stone), (ii) Sub-facies BG-L1b (small robust nummulitic packstone), (iii) Sub-facies BG-
L1c (large flat nummulitic packstone), (iv) Sub-facies BG-L1d (small flat nummulitic 
packstone/wackestone), and (v) Sub-facies BG-L1e (Nummulitho-clastic packstone). 
4. In the Upper Unit of the Batu Gading Limestone (early Miocene), six additional facies 
have been recognised: (1) Facies BG-U1 (larger foraminiferal packstone/wackestone), 
(2) Facies BG-U2 (Eulepidina dilatata packstone), (3) Facies BG-U3 (limestone brec-
cia), (4) Facies BG-U4 (Foraminiferal packstone), (5) Facies BG-U5 (algal laminated 
limestone), and (6) Facies BG-U6 (planktonic foraminiferal mudstone/wackestone). 
These facies were deposited in various environments, ranging from reef slope to open 
marine (middle neritic) settings.
5. The Subis Limestone comprises seven facies: (1) Facies SB-1 (coral framestone/bind-
stone/bafflestone), (2) Facies SB-2 (algal-milliolid floatstone-wackestone), (3) Facies 
SB-3 (rhodolith-algal floatstone/rudstone), (4) Facies SB-4 (stacked floatstone/rudstone), 
(5) Facies SB-5 (foraminiferal packstone/grainstone), (6) Facies SB-6 (planktonic fo-
raminiferal wackestone), and (7) Facies SB7 (larger formainiferal (miogypsinid) pack-
stone/wackestone). Facies SB-1 has been further subdivided into the following four sub-
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facies based on coral morphology and texture: (1) Sub-facies SB-1a (massive Porites 
framestone), (2) Sub-facies SB-1b (branching-small coral bafflestone), (3) Sub-facies 
SB-1c (branching coral bafflestone), and (4) Sub-facies SB-1d (argillaceous platy coral 
bindstone). These facies and sub-facies represent an ecological reef with abundant cor-
als as the main building blocks. This is consistent with deposition in a range of linked 
depositional settings, comprising restricted lagoon to reef crest, fore reef, slope and off 
reef environments. 
6. The Suai Limestone comprises four main facies: (1) Facies SU-1 (large Eulepidina dilata-
ta sandy wackestone/packstone), (2) Facies SU-2 (Eulepidina ephippoides-Sphaerogypsi-
na-Cycloclypeus packstone), (3) Facies SU-3 (Clycloclypeus-Rhodophyte-Spiroclypeus 
packstone), and (4) Facies SU-4 (Eulepidina badjirraensis-Spiroclypeus-Lepidocyclina 
packstone). These facies are interpreted to have been deposited in different parts of deep-
water banks. The Suai Limestone has a unique biota system comprising cyclic fining 
upward patterns of flat, large Eulepidina sp. that grades from rounded and into flat Cyclo-
clypeus and Spyroclypeus beds. The large size of both the Eulepidina and Cycloclypeus 
may indicate less favourable conditions, when the foraminiferal population was stressed 
by temperature and insufficient nutrient and light intensity. The flatter, thinner-tested 
shells, with maximum surface-to-volume ratios, suggests that these symbiotic foraminif-
era have modified themselves in order to survive in this competitive environment.  
7. The cyclic alternation of argillaceous Globigerina-rich limestones and calcareous 
shales in the Bekenu Limestone strongly suggests deposition in a deepwater bank envi-
ronment within a middle shelf setting. The cyclic nature of the beds may reflect the influ-
ence of storm events or turbidity currents. 
8. Out of the four studied build-ups, the Subis Limestone is the only build-up that resem-
bles those build-ups in the Central Luconia Province, most notably in terms of facies, 
size, asymmetrical shape, geometry, architecture and development history. The other on-
shore build-ups differ significantly with those in the Central Luconia Province and hence 
are not suitable as outcrop analogues.
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Chapter 7
Sedimentology and High Order Sequence Stratigraphy of 
the Central Luconia Carbonates, Offshore Sarawak 
7.1 Introduction 
 More than two hundred isolated carbonate build-ups that were developed during 
the middle to late Miocene have been seismically mapped within the Central Luconia 
Province, Offshore Sarawak (Coca, 2006). However, only three selected build-ups, 
namely EK, FM and FW build-ups, are used in the study (Fig. 7.1). This study is aimed 
at describing the detailed sedimentological and high order sequence stratigraphic features 
to establish the sequence development history of the build-ups. These four build-ups 
grew and were demised at different times during the Oligocene to late Miocene (Epting, 
1980; Vahrenkamp, 1996). The RB build-up started to grow during the late Cycle I (late 
Oligocene to very early Miocene) and was terminated during the late Cycle III (early 
middle Miocene). In contrast, the FM build-up started to develop during the Cycle III 
and was terminated during the late of Cycle IV (late middle Miocene). The EK build-up 
was initiated during the Cycle IV (late middle Miocene) and demised during the Cycle V 
(late Miocene), while the FW build-up started to grow during the late phase of Cycle V 
(late Miocene) and terminated during the Cycle VI (very late Miocene) (Vahrenkamp et 
al, 1996). About 4886 ft (1508 m) of cores from six EK, FM and FW wells were used in 
this study by employing the methods described in Chapter 4.   
7.2 Characteristics of Sedimentary Deposits
 The Central Luconia carbonates often show a layer cake feature. This feature is 
common in seismic section and logs due to rock contrasts between the porous and tight 
rocks. This layer cake terminology is widely used in the region, i.e by Zampetti (2002), 
Epting (1980), Vahrenkamp (1996; 2002).
 The core succession of many build-ups in the Central Luconia Province display 
distinctive shoaling upward and cyclic depositional sequences that formed the building 
blocks of the larger scale depositional cycles. The stacking of elementary sequences forms 
a cyclic depositional pattern consisting of transgressive and regressive sequences, which 
are separated by subaerial exposure and maximum flooding surfaces. These surfaces are 
nicely correlated within and across the build-ups.  
7.3 Sedimentary facies, successions and depositional environment interpretation
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 Although the morphology of the EK, FM and FW build-ups is different, these 
build-ups display layer-cake architecture (Epting, 1980; Zampetti et al, 2004) with the 
alternation of porous and non-porous carbonate layers, as evident from seismics, logs and 
cores. Generally, the carbonate interval is comprised of a vertical stacking of elementary 
sequences, often separated by sharp lithological contacts. A typical parasequence contains 
several foots of platy coral-rich limestone, which is overlain by a thicker bed of coral algal 
or benthic foraminiferal limestone (see Appendices 7.1 to 7.4). The lithological variation 
between the two units is further enhanced by different reservoir properties. The bluish 
platy coral-rich limestone forms a tight bed whereas the overlying whitish/yellowish 
benthic foraminiferal algal limestone is porous. Each parasequence represents a gradual 
shoalling of the depositional environment, where the deeper platy coral-rich limestone is 
being overlain by shallower massive coral and bioclastic limestone. These shallowing-
upward sequences are correlated between the wells and form the building blocks of the 
larger scale depositional cycles. 
 Some wells used in this study have penetrated carbonate and siliciclastic sequences. 
Siliciclastic facies of shallower environments were encountered in the lower part of the 
cores of EK-2, FM-2 and FW-2 wells, while deeper environments were found in the 
upper part of the EK-3 cores. The carbonate cores display facies and facies successions 
that reflect changing in depositional environments. Based on a combination of Dunham 
(1962) and Embry and Klovan (1971) classifications and fossil assemblages (Ho, 1978; 
Epting, 1980) several depositional facies and facies successions, which have similarities 
with the Subis Limestone outcrop, were recognized based on their sedimentary features, 
lithological succession, coral growth morphology, textural fabric and fossil assemblage. 
The facies are :
 (1) Facies CL1, Coral framestone/bindstone/bafflestone 
 (2) Facies CL2, Miliolid-soritid floatstone-wackestone 
 (3) Facies CL3, Rhodolith-Red algal floatstone-rudstone
 (4) Facies CL4, Amphisteginid-foraminiferal packstone
 (5) Facies CL5, Larger foraminifear (Miogypsinid) packstone/wackestone
 (6) Facies CL6, Cycloclypeus-rich floatstone-rudstone 
 (7) Facies CL7, Planktonic (Globigerinid) foraminiferal wackestone
 (8) Facies CL8, Limestone breccia, and
 (9) Facies CL9, Mixed clastic-carbonate.
However, these depositional facies have been strongly subjected to diagenesis and most 
of the bioclastic components have been partially or completely dissolved by meteoric 
water (refer to Chapter 9). As a result of diagenesis, the original rock fabrics and types 
have been changed to various lithologies, generally termed as (1) mouldic limestone, (2) 
chalkified limestone, (3) sucrosic dolomite, (4) tight argillaceous limestone and (5) tight 
limestone (Epting, 1980). The description of the sedimentary facies and their successions 
are discussed below. 
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 Point count analysis results of samples from various cores show that the percentage 
of bioclastic components within the limestone would depend on types of depositional 
facies (Appendix 7.10). Subject to degree of meteoric diagenesis, some bioclasts have 
been completely dissolved and could not be identified. Generally, red algae, echinoderm 
and benthic foraminifera are the most dominant constituents, which are unique for 
a specific facies or environment. Protected lagoonal deposits contain 1.2 to 44.0% of 
skeletal components and up to 68.0% of calcareous matrix. The bioclastic components 
are mainly constituted by red algae (1.2 to 25.2%), echinoderm (2.4 to 12.05%), benthic 
foraminifera (0.8 to 32.8%), red algae (4.0 to 25.2%), miliolids (0.4 to 3.4%), soritids (0.2 
to 2.0%), bryozoans (0.4 to 4.0%), and gastropods (up to 2.4%). Corals and other benthic 
foraminifera are the minor components. A relative abundance of milliolids and soritids 
is a differentiator from other facies or environments. In comparison, fore reef deposit 
contains 21.6 to 65.6% of skeletal components and 1.2 to 39.6% of matrix. The allochems 
are mainly red algae (1.2 to 25.2%), echinoderm (2.4 to 12.05%), benthic foraminifera 
(0.8 to 32.8%), coralline red algae (4.0 to 25.2%), miliolids (0.4 to 3.4%), soritids (0.2 
to 2.0%), bryozoans (0.4 to 4.0%), with minor corals and other constituents. Other facies 
from different depositional environments show completely different percentages of 
allochems. The description of the depositional facies and their successions are discussed 
below.
 7.3.1 Facies CL1 – Coral framestone to bafflestone or bindstone
 Facies and succession description : The Facies CL1 is characterized by a 
dominant white to bluish in-situ corals and fragments floating within a light grey to 
yellowish calcareous matrix. The coral size varies from several millimeters to 15 
centimeters in diameter. The corals and their geopetal structures could be leached out 
or completely cemented by calcite cements, depending on the relative distance from 
the subaerial exposure surfaces (Appendices 7.1 to 7.6). The facies located below the 
subaerial exposure could be more subjected to freshwater dissolution and this applies 
to other facies as well (Appendices 7.1 to 7.6). This Facies CL1 is composed of robust 
Operculina, Amphistegina and minor Miogypsina, Lepidocyclina, Gypsina, and small 
benthic foraminifera, such as small miliolids and Rotalia sp. (Plates 7.1 (1) A, B and 
C). Encrusting foraminifera is commonly observed on coral plates or branches, some 
fragments and matrices, and dominated by Homotrema and Miniacina. In the argillaceous 
facies, deeper fore reef foraminifera are also present, which include Cycloclypeus and 
Katacycloclypeus and planktonic foraminifera. The matrix contains also minor coral, red 
algal, mollusc, echinoderm and rare to minor bryozoans and Halimeda fragments. 
 Although this facies is clearly differentiated from others, the Facies CL1 can 
be further subdivided into four main subfacies based on their texture and coral growth 
morphology. Each coral growth morphology represents different water depths. These 
subfacies are :
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 (1) Subfacies CL1a, Massive Porites coral framestone 
 (2) Subfacies CL1b, Branching-small massive coral bafflestone
 (3) Subfacies CL1c, Branching coral bafflestone
 (4) Subfacies CL1d, Argillaceous-Platy coral bindstone.
 These four subfacies or coral growth morphologies form a complete facies 
succession. Each facies succession is characterized by thick and repeatable successions of 
boundstone that grade from bindstone, bafflestone or framestone with individual thickness 
of up to 1 meter (Plates 7.1 (1) A, B and C). This facies succession shows different 
coral growth morphology that graded from platy in the bindstone to branching in the 
bafflestone, and to more massive in the framestone. The thickness of these parasequences 
may differ from one sequence to another, depending on the depositional conditions. 
Cleaning upward cycle is apparent in this thick argillaceous facies succession with the 
overall thickness of 0.3-0.7 m. 
 The platy coral in each individual unit of bindstone is relatively thin but it 
occasionally reaches up to 3 cm thick. The platy corals in argillaceous bindstone are more 
fragile (<3 mm) and locally more robust (up to 2 cm) and non-uniform. Thick encrusting 
red algae with intervening encrusting foraminifera may occur around the coral plates. The 
platy corals in bindstone-bafflestone exhibit mixed platy-branching growth forms up to 
2.5 cm, while in bafflestone fragile to robust branching corals (0.5 to 3 cm) dominate. The 
branching and small head-shape massive corals size in bafflestone-framestone reaches 5 
cm x10 cm, while larger coral heads (>5 cm) dominate the framestone beds. The coral 
plates, branches and heads are sparse to dense. 
 Palaeoenvironmental Interpretation : This fossil assemblage, with abundant and 
diverse large benthic foraminiferal and coral communities, has been interpreted to have 
been deposited in shallow open-marine conditions (Adams, 1965; Hallock and Glenn, 
1986; BouDagher-Fadel, 2008). The upward changes in coral morphology are interpreted 
to correspond to the shallowing upward conditions of the reef front. High energy condition 
in the upper reef front area has encouraged more massive corals (Subfacies CL1a; Plate 
7.1 (3) A) to form. This coral framestone with abundant coral heads and massive Porites 
corals may represent the reef crest or the upper reef front environment. Subfacies CL1b 
and CL1c (Plate 7.1 (3) B), which are respectively dominated by branching-small 
massive and branching corals, have been interpreted to have been deposited in the middle 
reef front environment. Subfacies CL1d (Plate 7.1 (3) C) with abundant platy corals and 
argillaceous matrix, has been interpreted to have been deposited in the deepest part of the 
reef front  environment but try to capture as much as possible sunlight by symbiotic algae.
 This facies has been consistently interpreted in other buildups in Southeast Asia, 
such as Wiriagar Field (Dolan and Hermany, 1988), Malampaya and Camago buildups, 
Philippines (Grotsch and Mercadies, 1999) and Natuna Platform (Rudolph and Lehmann, 
1989).
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 7.3.2 Facies CL2 - Miliolid-soritid wackestone/packstone/bindstone
 Facies and succession description : The Facies CL2 is a light grey to cream 
fine-grained lithology with abundant calcareous matrix (Plate 7.1 (1) D). This facies 
occasionally grades into floatstone, wackestone and packstone. Micritization is common in 
this facies that envelops the grains (Plate 7.1 (4)). This Facies CL2 contains predominantly 
miliolids (Austrotrillina and Quinqueloculina), Sorites, Alveolina and Flosculinela, 
and occasionally with small Amphistegina, Operculina, Gypsina, Planorbulinella, and 
small benthic foraminifera (including Textularia, Ammonia and Valvulina, and other 
undifferentiated forms) (Plate 7.1 (4)). Other allochems include echinoderm, red algae, 
mollusc and Halimeda fragments and foraminifera. Burrows and micro-borings, which 
locally occur in the cores, include Asterosoma, Thalassinoides and Teichichnus. This 
facies has been partially or completely dolomitized.
 CL2 facies succession contains bindstone-bafflestone with thin intercalations of 
bindstone, bafflestone and occasionally bafflestone-framestone. Platy, branching and 
mixed branching-small coral heads are occasionally present in these thin bindstone, 
bafflestone and framestone beds, but do not show any specific growth trend. The platy 
corals in the patch reefs bindstone are thin (< 1 cm) but more robust platy-branching 
corals (0.5-2 cm) are observed in the bindstone-bafflestone. The bafflestone-framestone 
contains large branching (>1 cm) and massive Porites corals (>5 cm), locally encrusted by 
red algae and encrusting foraminifera. The matrix contains foraminifera predominantly 
milliolids and scattered coral, red algae, echinoderm, bivalve and gastropod.
 In the EK-2 cores, the floatstone contains scattered coral fragments and locally 
common bivalve fragment that accumulated along bedding surfaces. Foraminifera are 
minor to common with subordinate red algae, echinoderm and molluscs and rare coral 
fragments in the wackestone to packstone. In the FM-2 cores, thinly interbedded floatstone 
and mudstone-wackestone-floatstone-rudstone successions are present. Thin bindstone 
may occur in the interbedded floatstone and wackestone, most likely representing a small 
coral colony or the edge of a patch reef. The floatstone-rudstone generally fines upward 
to floatstone with <0.3 m individual bed. These thin beds may stack on top of each other 
to form bedsets of 2-3 ft thick with scoured base and fining upward. The floatstone and 
floatstone-rudstone contain common limestone clasts and coral fragments (<3 cm) with 
larger clasts (up to 10 cm) occur in the basal floatstone-rudstone beds. Similar features 
were also observed in FW cores.
 Palaeoenvironmental Interpretation : Based on fossil assemblage, this facies 
and it successions have been interpreted to have been deposited in a restricted marine 
condition, typical of the backreef-lagoon setting (Hallock and Glenn, 1986). This 
interpretation is further supported by the presence of small porcelaneous imperforate 
tests of miliolids, which also indicates a restricted lagoonal environment (Epting, 1980; 
BouDagher-Fadel, 2008). The abundance of articulated branching red algae that normally 
thrive best in protected areas further supports this interpretation. The irregularly stacked 
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and thinly bedded boundstone within the restricted lagoon has been interpreted to represent 
patch reefs in the back reef area, and graded upward into floatstone, wackestone, and 
occasionally packstone beds that might represent the lagoon proper deposits (Plates 7.1 
(1) D and 7.1 (4)). If the patch reefs stacked on top of the other, the backreef sediments 
could be very thick exceeding 6 meters. Thin to relatively thick (<0.3-1 m) floatstone or 
wackestone-packstone and rarely packstone and grainstone successions with the same 
fossil assemblages have also been interpreted to have been deposited in the open lagoon. 
Back reef to lagoon facies occur mainly in the lower part of the EK-2 well and throughout 
the cored interval of Well FM- 2 (Appendices 7.1 to 7.6) and may reach up to 25 m thick.
 In other buildups in Southeast Asia, the lagoonal facies has been called differently. 
In the Rajamandala reef in West Java, for example, the terminology of Miliolid packstone 
facies is more common.
 7.3.3 Facies CL3 – Rhodolith-Algal floatstone-rudstone
 Facies and succession description: Under the naked eye, Facies CL3 (Rhodolith-
Algal floatstone-rudstone) is characterized by light grey to yellowish colour depending 
on the amount of clays present in the rocks. It contains dominant Rhodolith and algal 
fragments (Plate 7.1 (1) E). This facies succession is characterized by stacks of floatstone 
beds (0.5-3 m) that may occasionally grade to floatstone-rudstone or packstone. The facies 
can be differentiated from the fore reef deposits by the proportion of various allochems. 
These deposits contain much more rhodoliths and red algal fragments than corals. Larger 
and planktonic foraminifera are also present in the matrix. The foraminiferal assemblage 
(Plate 7.1 (5)) is comparable to that of the fore reef facies but more common deeper water 
Cycloclypeus is present. Larger benthic foraminifera like Operculina, Amphistegina, 
Lepidocyclina and Miogypsina persist in this facies with minor Globigerina and Orbulina.
 Palaeoenvironmental Interpretation : The fossil assemblages of this facies 
has been interpreted to have been deposited in reef slope within a broader fore reef 
environment. Depending on texture and fossil assemblages, they may represent the upper, 
lower and slope margin deposits. The upper slope deposits may contain less deep water 
foraminifera such as Cycloclypeus as compared to middle and lower slope deposits. The 
possible upper, lower and slope margin deposits in the studied cores are shown in Plates 
7.1 (6) and 7.1 (2). The study by Brandano et al (2005) in the ramp setting of Mallorca, 
shows that rhodoliths start to occur within the middle ramp area at minimum water depth 
of 10-20 m and continue to occur until the outer ramp with 100 m water depth. Their 
occurrence is most dominant within the distal part of the ramp slope.
 7.3.4 Facies CL4 – Amphisteginid-foraminiferal packstone
 Facies and succession description : This Facies CL4 (Plates 7.1 (2) B and 7.1 (7)) 
displays pale grey colour and medium-grained lithology. The rock is poorly to moderately 
sorted and contains predominantly benthic foraminifera and red algae. The larger benthic 
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foraminifera are dominated by Amphistegina, Operculina and Cycloclypeus with minor 
constituents of Miogypsina and Sorites. Coral fragments, molluscs and planktonic 
foraminifera are also present in smaller quantities. This facies shows both fining and 
coarsening upward sequences, which might be related to sea level changes. Carbonate 
mud matrix tends to increase upward to form wackestone. 
 Palaeoenvironmental Interpretation : Based on prominent Amphisteginid 
(Amphistegina and Operculina) occurrence, CL4 facies has been interpreted to represent 
a foraminiferal bank deposit in a shallow water environment. These assemblages have 
also been considered to be associated to fore reef marine skeletal banks (Hanzawa, 1957, 
Epting, 1980; BouDagher-Fadel, 2008). The presence of algal rhodolith suggests that 
deposition took place above the wave base. Similar facies in the South Sumatra has also 
been interpreted to have been deposited in fore reef at 10-30 m water depth (Tonkin et al., 
1992). 
 The windward flanks of the build-ups are comprised of fore reef and deepen to 
reef slope and deep offreef sediments as also shown by the models of Read (1985), Epting 
(1980) and Pomar (2000). The fore reef facies reach up to 3 m thick, while the reef slope 
facies is thicker, ranging up to 11 m. Off reef facies associated with platform drowning 
are also encountered in the cores with up to 6 m thick.  The fore reef facies successions 
generally contain stacked, thin beds floatstone, floatstone-rudstone, and locally packstone. 
They contain coral and algal fragments, limestone clasts and rhodoliths in wackestone 
matrix with minor echinoderm, bryozoans and bivalves. Coral fragments may reach 10 
cm but the limestone clasts that resemble the underlying reef front may have larger size 
(>10 cm). The rhodoliths are several cm in size and comprised of encrusting red algae with 
variable thickness. Shallower and deeper fore reef deposits can be distinguished from the 
foraminiferal assemblage. Shallower fore reef facies contains almost similar assemblage as 
in the reef front facies with robust Amphistegina, Operculina, Lepidocylina, Miogypsina, 
a few Planorbulinella and Rotalia, and undifferentiated small benthics, occasionally with 
Sorites and miliolids. Deeper fore reef facies contain similar assemblage with additional 
deeper water larger benthic foraminifera (Cycloclypeus) and planktonic foraminifera 
(Globigerina and Orbulina). 
 7.3.5 Facies CL5 – Miogypsinid foraminiferal packstone
 Facies and succession description: Facies CL5 (Larger benthic foraminiferal /
miogypsinid packstone/wackestone; displays dark colour and coarse-grained texture (Plate 
7.1 (2) C). Skeletal components are dominated by Miogypsina and algal, occasionally 
with Amphistegina, Lepidocyclina and coral fragments. Similar facies was also described 
earlier by Ali (1993).
 Palaeoenvironmental Interpretation : The miogypsinid packstone/wackestone 
contains a strong shallow water indicator as Miogypsina sp. strives best in shallow water 
environment. Intermittent down slope current, probably triggered by storm in shallow 
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water areas, is the most likely process that has brought the sediments down into deeper 
water areas. The absence of micrite within the sediments indicates possible deposition 
within or close to an anoxic environment where benthic foraminiferal activities are rather 
restricted due to oxygen deficiency. 
 Miogypsina-Lepidocyclina-Red Algal floatstone-packstone facies has also been 
recognized in the southern Marion Platform (Conesa et al., 2005). This facies has been 
reported and interpreted to represent a shallow water deposits with <50m water depth. 
The lack of coral suggests an outer platform setting.
 7.3.6 Facies CL6 – Cycloclypeus-rich floatstone/rudstone
 Facies and succession description : Facies CL6 (stacked floatstone / rudstone) is 
light to dark grey and occasionally yellowish in colour (Plate 7.1 (1) F). This facies has a 
succession that comprised of a stack of packstone and packstone-grainstone (up to 3 m), 
locally with thin intercalations of floatstone. Although rhodoliths and red algal fragments 
are still present, their proportion is much less than in the reef slope facies. Locally, large 
red algae have borings with geopetal sediment fill, encrusted by encrusting foraminifera, 
minor bivalve and rare coral fragments. Large bivalve fragments may have borings and 
encrustation by bryozoan. Allochems are dominated by foraminifera, with minor red 
algae and echinoderm. The most abundant larger benthic foraminifera are Cycloclypeus 
fragments. Others include Lepidocyclina, Amphistegina and Operculina, locally with few 
Planorbulinella and Katacycloclypeus. Some robust larger foraminifera (5-7 mm), such 
as Cycloclypeus and Lepidocyclina, are also present together with undifferentiated small 
benthic and planktonic foraminifera (Globigerina and Orbulina) (Plate 7.1 (8)). 
 Palaeoenvironmental Interpretation : These fossil assemblages of dominant 
Cycloclypeus with subordinate Lepidocyclina, Amphistegina, Operculina and planktonic 
foraminifera and their facies successions have been interpreted to have been deposited in 
relatively deeper water setting beyond the reef slope within the offreef environment.
 7.3.7 Facies CL7 – Globigerinid (planktonic) wackestone 
 Facies and succession description : The Globigerinid wackestone/packstone 
(Facies CL7) is black to grey, matrix-rich, hard and very tight. This facies is usually very 
thin, ranging from 5 cm to 10 cm thick (Plates 7.1 (2) D and 7.1 (9)). The upper part is 
usually covered by a thin layer of miogypsinid packstone / wackestone. The Facies CL7 
consists predominantly Globigerina and Orbulina floating in the carbonate mud matrix, 
poorly sorted and often mixed with red algal and less common benthic foraminiferal 
fragments. This deposit contains high density of planktonic foraminifera. 
 Palaeoenvironmental Interpretation : The sediments with high density of 
planktonic foraminifera have been interpreted to have been deposited in open marine, 
but not necessarily in deep marine conditions. It may represent the inner to middle shelf 
environment. Minor in-situ benthic foraminifera, burrows, pyrite and insignificant early 
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marine cements support the interpretation of deposition in slightly reducing environment. 
The presence of terrigeneous clay and absence of early cement strongly suggests deposition 
in a low energy environment, probably below fair-weather wave base. The occurrence of 
myogypsinid packstone at the top of each sequence may suggest intermittently bottom 
down-flow current occurred which could induce early calcite cementation at the top part 
of each sequence. 
 In other buildups in Southeast Asia, Wilson and Evans (2002) have interpreted the 
planktonic foraminifera facies in Mangkalihat area as open marine and slope deposits. 
In the Malampaya and  Camago buildups in Philippines, planktonic foraminiferal 
wackestone and floatstone facies have been interpreted to be deposited in a short term 
deepening during periodic flooding of the platform interior (Grotsch and Mercadier, 
1999). Dark grey Globigerina packstone-wackestone in West Java (Rajamandala and 
Batuasih Formations) was also reported and interpreted to be deposited in toe of slope 
environment with reducing environment, while more pelagic and biomicrite facies in 
Lengguru (Irian Jaya) was interpreted as  outer shelf deposits (Brash et al., 1991).
 7.3.8 Facies CL8 - Limestone breccia
 Facies and succession description : Facies CL8 (Limestone breccia) is 
characterized by a mixture of white to dark grey with abundant irregular blocks or various 
rock fragments floating in a poorly sorted mixed matrix (Plate 7.1 (2) E). The size of 
clasts varies from few mm to probably several meters, far beyond the size of core. This 
facies consists mixtures of various types of foraminifera, coral, algae and other allochems 
representing different facies types and depositional environments. 
 Palaeoenvironmental Interpretation : The clasts and rock fragments have been 
interpreted to have represented the subaerially exposed blocks or karst that have been 
collapsed due to sediment overburden. This type of facies has also been interpreted to 
represent a talus slope deposit that was transported away from the shallow section into the 
slope area, as evidenced by the presence of many rock blocks that consist of large corals 
originated from the upper reef front environment. This facies occurs at the based of EK-3 
and three beds at the tops of EK-2 wells that may represent the remnants of collapsed cave 
or karst.
 Limestone breccia facies has also been recognized in some other buildups. Similar 
deposit has been identified at the top part of the Batu Gading Limestone (see Chapter 6 for 
details).
 7.3.9 Facies CL9  Mixed carbonate-clastic lithology
 Facies and succession description: The mixed siliciclastic-carbonate intervals 
(Plate 7.1 (2) F) pre-dominate the base of the EK, FM and FW build-ups, a transition 
from siliciclastic to carbonate deposition. In EK-2 well, the mixed siliciclastic-carbonate 
sequence becomes thinner upward and diminishes 30 m below the carbonate base. In 
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FM-2 well, the mixed lithofacies occur below and within the same stratigraphic intervals 
as in EK-2, FM-2 and FW cores. They are represented by thinly interbedded calcareous/
dolomitic claystone and argillaceous floatstone and rudstone with thin intervening 
calcareous shale/claystone and argillaceous bindstone/bafflestone (Appendices 7.1 to 
7.6). The thickness can reach up to 1 m thick, indicating the transition between the pure 
carbonate and siliciclastic is quite significant. 
 The mixed siliciclastic-carbonate sequences contain scattered limestone clasts (up 
to 10 cm), bivalve and coral fragments including branching and massive sparry Porites, 
in calcareous matrix. The argillaceous bindstone and bafflestone contain sparsely packed 
platy and branching corals, respectively. The matrix is argillaceous and contains coral, red 
algae, mollusc, Halimeda and echinoderm. Some foraminiferal fragments, which include 
miliolids and undifferentiated small benthics, rare soritids, Operculina, Textularia, 
Planorbulinella, and fragments of encrusting Homotrema, are also present. Silt-size 
quartz grains also occur at the base of carbonate succession of EK-2 build-up (Plate 7.1 
(10)).
 Palaeoenvironmental Interpretation : These fossil assemblages within the 
mixed carbonate-clastic rocks have been interpreted to have been deposited in relatively 
shallow inner neritic (inner shelf) environment that surrounding the carbonate depositional 
setting.
 7.3.10 Other facies successions and depositional environment interpretation 
 An interpretation of depositional environments purely based on thin individual 
facies type without looking at the entire successions or sequences of the cores is difficult 
(Appendices 7.1 and 7.7). In addition, differentiating the leeward from the windward 
slope sediments is rather challenging. However, certain intervals, such as EK-2 (1841.4-
1885.8 m) and EK-3 (1831.8-1885.8 m), have unique characteristics that might be useful 
to differentiate them. The patch reef facies succession is typified by bindstone-bafflestone 
or bafflestone beds (up to 0.6 m), with intervening thin floatstone or wackestone-packstone 
or packstone. It consists of moderately packed platy (<5 cm) and branching corals (<1.5 
cm). The corals are more robust than those in the back reef areas, dominated by Porites, and 
locally encrusted by red algae and foraminifera. The matrix contains red algae, mollusc 
and echinoderm fragments and foraminifera. The benthic foraminiferal assemblage 
comprises small Amphistegina, Operculina, undifferentiated small benthic foraminifera, 
and locally Sorites and miliolids. Burrows include Paleophycus, Thalassinoides and 
Asterosoma. The upper leeward slope facies successions are comprised of thin interbeds 
of floatstone, occasionally floatstone-rudstone and wackestone-packstone (up to 0.4 
m). The floatstone-rudstone contains scattered rounded pebble-size clasts of sparry 
massive Porites (<10 cm) most likely originated from the patch reefs. The floatstone 
in the EK-2a nd EK-3 wells, which was interpreted to represent upper leeward slope, 
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contains a few very robust scaphopods (30 x 3 cm) in burrowed wackestone-packstone 
matrix. The occasional wackestone-packstone beds are comparable with the patch reef 
margin assemblage. They are commonly burrowed by Paleophycus, Thalassinoides and 
Ophiomorpha. However, the lower leeward slope facies is assigned to finer-grained and 
well-sorted wackestone and wackestone/packstone (up to 0.6 m) that stacks up to 3 m. 
The same foraminiferal assemblages occur in the upper and lower leeward slope facies, 
except large coral clasts and the robust scaphophods are more dominant in the upper 
slope. These beds are usually burrowed by Ophiomorpha and minor Paleophycus and 
Thalassinoides. Planar lamination is evidenced when the bioturbation is less intense. 
 The possible open to semi-restricted platform environment was interpreted for 
up to 13 m facies successions that consist of various lithofacies. The example of this 
sediment is shown in Well EK-2  at depth 6110.0 ft to 6145.5 ft (Appendix 7.1). They are 
stacked without any definite trend but contains both open-marine and restricted-marine 
foraminiferal assemblages. The facies succession prevailed when the platform margin 
had not been fully established and marine water circulation between the interior and the 
surrounding area had not been fully restricted. Partial flooding of a karstified platform top 
with irregular topography was also possible. Higher areas would form “islands” on the 
platform, which could restrict free flow of marine water. Again, the patch reefs comprise 
up to 1 m thick of bindstone, bafflestone and framestone or a combination thereof, with 
thin intercalations of wackestone or floatstone. The lithofacies may stack to form a bedset 
of about 3 m thick. The bindstone/bafflestone beds contain moderately packed, fragile 
platy and branching corals fragments in the matrix. The bafflestone locally grades upward 
to framestone containing more robust branching corals and massive corals, which are 
commonly encrusted by red algae. Other allochems include red algae, mollusc, echinoderm 
and foraminifera. The foraminiferal assemblage comprises Operculina, Amphistegina, 
miliolids and Sorites and undifferentiated small benthic foraminifera. 
 The platform floor is interpreted for successions that contains thin (<20 cm) 
interbeds of bindstone, bafflestone, wackestone/packstone or stacked floatstone beds 
with some intervening bindstone and bafflestone. Thin boundstone beds that probably 
represent small coral heads are found on the platform floor. The foraminiferal assemblage 
comprises some Amphistegina, Operculina, miliolids (including Austrotrillina howchini), 
Sorites and rare Textularia, Planorbullinella, Miogypsina and Gypsina. Common burrows, 
which are dominated by Asterosoma with minor Thalassinoides and Paleophycus, in 
the platform floor suggest open marine conditions. This is supported by the presence of 
relatively sparse corals, indicating occurrence in deeper water and more open-marine 
conditions. 
 The overall facies and facies associations observed within the cores from the EK, 
FM and FW fields together with depositional environmental interpretation are summarized 
in the Table 7.1. The general well-to-well correlations of these build-ups and simplified 
depositional correlation for the EK, FM and FW build-ups are shown in Figs. 7.3 (1), 7.3 
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(2) and 7.3 (3), respectively. The overall correlations of all the fields are shown in Figs. 
7.3 (4) and 7.7. 
 
7.4 High order sequence stratigraphy and development history
7.4.1 Characteristics of SB and MF surfaces in Luconia Carbonates 
 The core description and high order sequence stratigraphic analysis were conducted 
on the FM, FW and EK cores. These cores display several sequence boundary (SB) and 
maximum flooding (MF) surfaces of different order of magnitude. The low (2nd to 3rd) and 
high (4th and 5th) order SB and MF surfaces were identified based on specific features 
observed below and above these surfaces (example Plate 7.1 (11)). The SBs represent 
subaerial exposure (SE) surfaces which are strongly affected by meteoric diagenesis, such 
as dissolution, fractures, fissures, chalky texture, carbonized rootlets, breccia, mottling 
and decolouration. These features extend several meters below the SB surfaces. As a 
result, secondary pores were enlarged and connected during the subsequent exposure to 
form karst. The cavities are often filled with various cements, brownish mudstone and 
rootlets. The SB surfaces are usually sharp, irregular, erosive, burrowed or encrusted 
(Plate 7.1 (11)). Some of the features observed at SB surfaces, such as root tubules, are 
petrographically shown in Plate 7.1 (12). Above the SB surfaces, clasts of the underlying 
sediments are occasionally good indicator of a major depositional break. Lithology 
may change across the SBs, which may coincide with the top of prograding-aggrading 
parasequence sets. Plate 7.1 (11) shows some of the characteristics of SBs observed 
on cores from the EK-2, EK-3 and FM-2 wells based on their discontinuity features. 
Deepening-upward facies often overlie the SBs. MF surfaces are represented by slightly 
deeper facies in between the two SBs. However, this deeper facies is often relatively thin, 
and occurs below another thick shallowing unit as shown by the example from the SB 10 
in well EK-2 at about 6400 ft. Beyond the cored intervals, SBs were identified based on 
well log, which are useful for recognition of SB within the highly dolomitized intervals. 
The 3rd and 4th order SB surfaces identified from the same stratigraphic intervals are well 
correlatable within the same build-up and between different build-ups (Figs. 7.4 (1),7.4 
(2) and 7.4(3)). As an example, the SB10 surface is well correlatable between FM-2, 
EK-2 and EK-3 wells roughty at depth 6300 ft. respectively . However, the high order (5th 
and higher) SBs and MFs correlations are more challenging due to difficulties in picking 
up some of these surfaces. The results of high order sequence stratigraphic correlation 
and interpretation from the FM, EK and FW build-ups are shown in Figs. 7.4 (1), 7.4 (2) 
and 7.4 (3).
 The retrograding and prograding features could be recognized from the cores 
and could be validated in seismic, if any. In cores, the changing from reef front to back 
reef facies suggests that the reef front at that location prograded basinward. Similarly, 
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retrograding occurs when the reef front facies retreat into back reef- or lagoonal area. The 
details are further discussed in section 7.5.2 when the vertical changes in depositional 
environments are interpreted. 
7.4.2 Low (2nd and 3rd) order sequences in Cycles I - V carbonates
 The carbonate build-ups within the Sarawak Basin were developed during six 
2nd order sequences (known as Cycles I to V) (Ho, 1978; Epting, 1980; 1989). Each 2nd 
order sequence is generally comprised of several 3rd order sequences representing the 
transgressive base (deep flooding submerged bank), main carbonate (build-out, build-
in or build-up phase) and transgressive cap phase units using the terminology of Shell 
(Epting, 1979). A total of 18 3rd order sequences were identified, namely as Sequences 1 
to 18, from older to younger. As very limited cores were cut within the RB-1 well, the 
sequence stratigraphic analysis of high order sequences within the Cycles I-II was done 
purely based on log analysis. However, the knowledge gained from the FM, EK and FW 
fields (Cycles III-V) was used as a basis to identify the major sequences within the RB 
build-up. However, the ages of the major 2nd and 3rd order sequences have been based on 
limited foraminiferal and Sr-isotope dating.  
  The Sequence 1 occurs only in RB-1 well that represents the 3rd order transgressive 
basal unit of the Cycle I carbonates. This sequence is bounded by SB1 and SB2 surfaces 
that occur at 5200 ft and 4990 ft, respectively. Based on Gamma-Ray, sonic and resistivity 
logs, two 4th order fining upward sequences (Sequences 1a and 1b) were identified within 
this Sequence 1 (Fig. 7.7). Each sequence is composed of interbedded limestone and 
calcareous shale that marked the initial development of Cycle I carbonates. The sequence 
is very tentative as core is not available to validate this. It is purely based on log response.
 The Sequence 2 represents the 3rd order sequence of the main Cycle I carbonates 
within the RB build-up. This sequence is bounded by SB2 and SB3 surfaces that occur 
at 4990 ft and 4450 ft, respectively. This sequence comprises five 4th order sequences 
(Sequences 2a, 2b, 2c, 2d and 2e). Each 4th order cycle is represented by a slightly 
coarsening upward sequence as shown by the gamma-ray, sonic and resistivity logs. 
This sequence is thinly covered by transgressive cap phase of middle shelf mostly clastic 
deposits (Fig. 7.7). The base of transgressive basal unit of Cycle II has been marked based 
on the actual biostartigraphic data from the well.
 The Sequence 3 shows a general fining upward sequence that represents the 
transgressive base unit of the Cycle II carbonates. This sequence is bounded by SB3 
surface at the base (4450 ft) and SB4 surface at the top (4280 ft). This sequence contains 
two 4th order sequences (Sequences 3a and 3b) with equal thickness (Fig. 7.7). These 4th 
order sequences are dominated by limestones with high argillaceous content toward the 
sequence top (Fig. 7.7). The top and the base of this sequence have been confirmed with 
biostratigraphic data.
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 The 3rd order of Sequence 4 consists a mixture of coarsening and fining upward 
sequences. This Sequence 4 is bounded by SB4 and SB5 surfaces that occur at 4280 
ft  and 3990 ft, respectively. The SB3, SB4 and SB5 were picked from biostratigraphic 
data of the well.  This sequence contains four 4th order sequences (Sequences 4a, 4b, 4c 
and 4d) made up of interbedded limestone and siltstone/shale. This mixed siliciclastic-
carbonate sequence is dominated by siliciclastic sediments, mainly shale, that separates 
the Cycle II from the subsequent Cycle III carbonates.   
 The Sequence 5 marks the initial development of Cycle III carbonates within the 
RB and FM build-ups. This sequence represents deep flooding of submerged bank of 
Cycle III carbonates at the base on Cycle III carbonate, below 7050 ft in well FM-2. This 
sequence is bounded by SB5 surface at the base (3990 ft) and SB6 surface at the top (3800 
ft) and comprised of two 4th order sequences (Sequences 5a and 5b). The Sequence 5a 
is made up of a thick carbonate bed (below 7050 ft) which is overlain by the subsequent 
thinly bedded carbonates with siliciclastic interference towards the sequence top. Similar 
coarsening upward sequence (Sequence 5b) is also observed at the base of FM-2 well 
which can be correlated with the RB-1 well (Fig. 7.7) based on log response and age 
assigned to this sequence. 
 The Sequence 6 represents the main carbonate growth within the Cycle III 
carbonates. In well RB-1, this sequence is bounded by two SBs; SB6 at the base (3800 ft) 
and SB7 at the top (3590 ft), while in well FM-2 these surfaces are picked 7025 ft (7050 
ft) and 6813 ft (6910 ft), respectively. This Sequence 6 has three 4th order sequences 
(Sequences 6a, 6b and 6c). These 4th order sequences are marked by coarsening and 
cleaning upwards in the Sequence 6b. In well FM-2, the carbonate base is picked at 
7390 ft (2280.8 m) as marked by a sharp gamma ray (GR) increase at MF of Sequence 6 
(MFS6), while the SB6 is picked at 7050 ft). 
 The subsequent SB7 is picked at 6910 ft (2131.17 m) in FM-2 well where restricted 
marine sediments overlie open-marine carbonate above the SB6. The MF surface of 
Sequence 7 (MFS7) is picked at 6878 ft (2122.8 m) as indicated by lithological changes 
from inner neritic (inner shelf) clay to open marine carbonate. In well RB-1, the Sequence 
7 represents the Cycle III siliciclastics which are correlatable to the thin mixed-clastic 
sequence in well FM-4 (Fig. 7.4 (2)). This sequence is not very obvious in wells FM-1, 
EK-1 and EK-3. This SB7 is picked at 6905 ft (2130.55 m). This Sequence 7 contains two 
4th order sequences (Sequences 7a and 7b). 
 The Sequence 8 occurs as a transgressive base unit and marks in RB-1 well that 
shows the initial development of the Cycle IV carbonates. This Sequence 8 is bounded 
by SB8 and SB9 surfaces that occur at 3390 ft and 3230 ft in RB-1 well and at 6830 ft 
(2102.77 m) and at 6720 ft (2072.8 m), respectively, in FM-2 wells. The subsequent 
SB9 occurs at 6718.8 ft (2073.7 m) at FM-2 well, where karst and karstified clasts (Figs. 
7.4 (1) and 7.7) are common below and above this surface. The SB9 is correlatable to 
6845 ft of EK-2 well as marked by abrupt shallowing across the surface. Gastropods 
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are common above this surface. The SB9 is picked at 6845 ft at EK-2 well, the contact 
between calcareous-dolomitic claystone and argillaceous dolomitic limestone, where 
corals dominate above the surface. The FM build-up shows cleaning upward packages in 
the Sequence 8. Siliciclastics occur intermittently only in the lower 60 ft (18.5 m) of the 
sequence and become thinner upward. The carbonate above it is comprised of back reef, 
with reef front and thin fore reef facies in the upper half of Sequence 8 (Figs. 7.4 (2) and 
7.7). This Sequence 8 contains three 4th order sequences (Sequences 8a, 8b and 8c) and 
they are well correlatable in wells RB-1 and FM-2.
 Karst features are quite prominent at the top of Sequence 8. It is evidenced by the 
presence of brecciated limestone facies with layered travertine that possibly cemented the 
cave opening. The example is shown in Plate 9.1 (9)A of Chapter 9. 
 The Sequence 9 represents the build-out phase of the Cycle IV carbonate sequence 
which is bounded by SB9 and SB10 surfaces. In FM-2 well, the SB9 and SB10 surfaces 
are present at 6720 ft (2073.15 m) and 6300 ft (1943.8 m), respectively, where an abrupt 
change from reef front to back reef facies occurs. In EK-2 well, SB9 and SB10 surfaces 
are picked at 6845 ft and 6310 ft (1946.33 m), respectively. This Sequence 9 consists 
five 4th order sequences, namely Sequences 9a, 9b, 9c, 9d and 9e, based on identification 
of higher order SBs and  MFS as shown in Fig. 7.7. The SBs 6, 7, 8 and 9 have been 
validated using biostratigraphic data.
 The Sequence 10 is a sequence that overlies the build-out sequence within the 
FM build-up and becomes transgressive basal unit of the Cycle V carbonates in the EK 
build-up. This sequence is bounded by SB10 and SB11 surfaces. In EK-2 and EK-3 wells, 
SB10 surface is picked at 6310 ft and 6310 ft, respectively, which is evidenced by the 
nodular and weathered features below the surface. Fore reef to slope deposits containing 
Lepidocyclina and Miogypsina occur above this surface. Substantial Lepidocyclina re-
appears in this slope facies. The meteoric diagenesis effects extend further down below 
this surface. The demise of the FM build-up is believed to have occurred during MFS10, 
where offreef sediments with abundant Cycloclypeus and planktonic foraminifera were 
deposited. This demise surface is picked at 6310 ft, 6310 ft and 6300 ft in EK-2, EK-3 
and FM-2 wells, respectively (Fig. 7.7). In EK-2 well, the offreef deposits are overlain 
by thin slope deposits, followed by thick argillaceous bindstone (Fig. 7.7), representing 
prolonged platy coral zone of lower reef front environment. Cycloclypeus and planktonic 
foraminifera persist, but their number decreases upward. The depositional environments 
become shallower upward in Sequence 10. The upper one-third of the sequence in Well 
EK-3 comprises reef front facies with lack of Cycloclypeus and planktonic foraminifera. 
At the top of sequence 10, the SB11 is picked at 6125 ft in well EK-3. Tight brecciated 
and weathered zones occur below this surface and Rotalia starts to appear above the 
surface. Similar surface is picked at 6120 ft at EK-2 well where a subtle shift in density, 
sonic and neutron porosity logs occurs. Meteoric diagenetic effects are common within 
the cores, 7.5 m below SB 11. Similar event is also noticed at 6125 ft in EK-3 well. 
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 The Sequence 11 represents the main overall build-up phase of the Cycle V 
carbonates. This sequence is bounded by SB11 and SB12 surfaces. The SB11 surface 
was picked at 6125 ft in EK-3 well and at 6120 ft in EK-2 well. The SB12 surface was 
picked at 5637 ft in EK-2 well and at 5850 ft in EK-3 well. These surfaces are evidenced 
by brecciated surfaces that may represent collapsed cave. They are well correlated across 
the fields. The Sequence 11 comprises three 4th order sequences, namely Sequences 11a, 
11b and 11c. 
 The Sequence 12 represents a transgressive cap phase of Cycle V carbonates. 
The thickness of this sequence varies at different well locations. It is relatively thicker at 
EK-2 well location. Although one may interprete the top of this cap unit as a carbonate 
top, stringers development is obvious in EK-1, EK-2 and EK-3 wells (Fig. 7.4 (2)). 
Therefore I would consider these stringer sequences as separate 3rd order sequences, 
namely as Sequences 12, 13 and 14. In EK-2 well, these Sequences 12 and 14 represent 
transgressive cap phase, while the Sequence 13 represents another build-in phase (Fig. 
7.7). The Sequence 12 is composed of three 4th order sequences (Sequences, 12a, 12b 
and 12c), while the Sequences 13 and 14 are comprised of one (Sequence 13a) and four 
(Sequences 14a, 14b,14c and 14d) 4th order sequences, respectively. The Sequence 12 is 
bounded by SB12 and SB13, while the Sequences 13 and 14 are respectively bounded by 
SB13/SB14 and SB14/SB15 surfaces. In EK-3 well, the SB13, SB14 and SB15 surfaces 
are picked at 5550 ft, 5540 ft and 5530 ft, respectively. These surfaces were probably 
associated with prolonged subaerial exposures (Vahrenkamp et, 1996). In EK-2 well, the 
SB13, SB 14 and SB 15 surfaces are picked at 5630 ft, 5522 ft and 5310 ft, respectively 
(Fig. 7.7). The carbonate top is picked at 5523.0 ft (1704.6 m) above which deep marine 
siliciclastic became dominant and correspond to a MF surface of a high order sequence. 
This surface is later overlain by inner neritic shale, interbedded with carbonate stringers 
comprising argillaceous rudstone. Sequences 12 and 13 are comprised of carbonate slope 
sediments as evident by subtle coarsening-upward packages indicated by the GR log (Fig. 
7.7) and prograding sigmoids exhibited on seismic. Higher GR log values in Sequence 13 
represent argillaceous sediments of more distal environment. The sediments in Sequence 
14 are mostly shale which represents deeper water settings. All these surfaces have been 
validated using biostratigraphic data.
 Although Sequence 15 is part from the overall build-up phase of the FW build-up, 
this Sequence may represent a  trangressive base unit  and initial stage of the Upper Cycle 
V carbonates.  This Sequence 15 is comprised of a series of fining upward sequences 
(deepening) before being capped by the subsequent build-up phase of Sequence 16. This 
sequence 15 is bounded by SB15 (5310 ft at EK-2 and 5530 ft at EK-3) and SB16 (4875 
ft at FW-1 and 4875 ft in FW-) and comprised of three 4th order sequences, namely as 
Sequences 15a, 15b and 15c. 
 The Sequence 16 represents the main build-up phase of the Upper Cycle V or lower 
Cycle VI. This sequence is bounded by SB16 at the base and SB17 at the top. In well FW-
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2, these SB16 and SB17 surfaces were picked at 4875 ft and 4665 ft, respectively. These 
surfaces are correlatable to 4875 ft and 4465 ft surfaces at well FW-1. This sequence 
comprises three 4th order sequences, known as Sequence 16a, 16b and 16c. This sequence 
is nicely overlain by the subsequent Sequence 17.
 The Sequence 17 represents a transition phase of carbonate development and starts 
to show a series of fining upward (deepening) sequences. This Sequence 17 is bounded by 
SB17 and SB18 surfaces. These surfaces were picked at 4665 ft and 4470 ft in well FW-2 
and they are correlatable with 4465 ft and 4135 ft surfaces at well FW-1. The Sequence 
17 is comprised of three 4th order sequences, namely Sequences 17a, 17b and 17c. These 
sequences are finally capped by the Sequence 18.
 The Sequence 18 represents the transgressive phase of the carbonate growth. This 
sequence is bounded by SB18 and SB19 surfaces, respectively. In well FW-2, the SB18 
was picked at 4470 ft, while the SB19 was picked at 4240 ft. These SB18 and SB19 
surfaces in well FW-2 are correlatable with similar surfaces in well FW-1 at 4135 ft and 
3935 ft, respectively. The SB19 represents the top of carbonate and finally capped by a 
thick shale, as indicated by high GR readings. 
  
 7.4.3 High (4th and 5th) order SB and MF Surfaces
 High order SBs and MFs were identified using similar criteria as highlighted in 
section 7.4.1 of this chapter. The high order SBs display similar characteristics but the 
surfaces are not severely affected by meteoric diagenesis due to limited time exposure. 
Each 3rd order sequence contains up to four 4th order sequences, while each 4th order 
sequence consists of more than three 5th order sequences. Sixth order sequences could 
also be recognized but they are difficult to correlate. In light of unavailability of core 
representing the 3rd order Sequences 1 to 5, the higher order sequence analysis was 
performed starting from Sequence 6 onwards. The identified high order SB and MF 
surfaces are given in Fig. 7.7. 
 Sequence 6 in FM-2 well contains three 4th order sequences (Sequences 6a, 6b and 
6c), while much thinner Sequences 7 and 8 comprises two and three 4th order sequences 
(Sequences 7a to 7c and 8a to 8b), respectively. Each 4th order sequence in Sequence 7 
contains up to three 5th order (Sequences 7a1 to 7a3). Sequence 8 in FM-2 wells comprises 
two 4th order sequences (Sequences 8a to 8b), and each of them contains up to three 5th 
order sequences (Fig. 7.7). Sequence 9 in EK-2 and EK-3 wells also contains four 4th 
order sequences (Sequences 9a to 9d), but each of them consists of three to four 5th order 
sequences. Sequence 10 at EK-2and EK-3 well locations can be divided into four 4th 
order sequences (Sequences 10a to 10d). Each of them comprises one to three 5th order 
sequences. Similarly, Sequences 11 to 18 are comprised of two to four 4th order sequences 
and each of them is composed of two to seven 5th order sequences. Subdivision of the 4th to 
5th order sequences into Trangressive System Tracts (TSTs) and High Stand Tracts (HSTs) 
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is possible but such subdivision has not been attempted due to difficulty in identifying 
Maximum Flooding (MF) surfaces in some sequences. 
7.5 Discussions
 7.5.1 High order sequence stratigraphy 
 The SB and MF surfaces identified on the cores from the same stratigraphic 
intervals are nicely correlated within and between the EK, FW and FM build-ups (Figs. 
7.4 (1), 7.4 (2) and 7.7). However, the correlations of higher than 5th order sequence 
boundaries are more difficult. If the cores are not available, logs will also provide better 
controls on correlation up to 4th order sequence. Therefore, the application of high order 
sequence stratigraphy is possible within the carbonate intervals.
 7.5.2 Vertical changes in depositional environments in 4th order sequences
 Changes in depositional environment across 4th order sequence boundaries were 
observed within the studied cores. However, the changes are not the same for all wells 
and build-ups as each individual build-up may respond differently to sea level changes. In 
the FM-2 well, Sequence 6 is dominated by a rather clean reef front-fore reef facies at the 
base as shown by its blocky GR log pattern. Shaly sections near the top of sequence could 
be due to claystone-filled karst cavities. The change from presumably reef front-fore 
reef facies in lower section to presumably back reef-dominated facies in upper sequence 
suggests basinward progradation (build-out) of the reef front. 
 In Sequence 7, a major shift in depositional environment occurred across SB7 
(SB6c) in FM-2 well. Prominent karst features below the surface indicate that the build-
up was subaerially exposed for quite a long time. When the Sequence 6 was terminated 
and during the early stages of subsequent relative sea level rise, the carbonate platform 
at FM-2 was buried by fine-grained inner neritic siliciclastics deposits (TST of Sequence 
7a). Diminished siliciclastic during subsequent MF allowed reef front and fore reef 
carbonate deposition (HST of Sequence 7a). Similar depositional cycle is repeated in 
subsequent Sequence 8a, where fore reef facies was deposited and as the rate of relative 
sea level rise decreases during early highstand, reef front facies prograde over the fore 
reef facies (HST of Sequence 8a). Dominant reef front facies in Sequence 8b shows 
aggradation of this facies suggesting build-out, followed by build-up phases of platform 
development.  
 In Sequence 9, another major subaerial exposure produced SB9 / SB9a in FM-2 
well at 6725 ft. The TST of Sequence 9a above it is represented by inner neritic claystone 
and mixed sediments with large karstified limestone clast (Fig. 7.7). Abrupt shallowing 
from middle-outer neritic setting to mixed carbonate-siliciclastic inner neritic in FM-2 
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well is correlated with the cored interval of EK-2. Sequence 9a in both EK-2 and FM-2 
wells shows a gradual change from siliciciclastic to mixed carbonate environments. Thick 
stacks of back reef facies dominating the upper part of Sequence 9a suggest aggradation 
(build-up) at this location. However, occasional platform build-in or reef front retreat into 
the back reef-lagoonal area as shown by reef front-fore reef facies overlying back reef 
facies in the upper sequence in FM-2 well. (Fig. 7.7). Minor clastic still persisted during 
the earliest phase of the TST of Sequence 9b at EK-2 but not at FM-2. Back reef facies 
dominate in Sequence 9b of EK-2, with minor reef front facies in the upper sequence. 
Sequence 9b at FM-2 well is dominated by reef front-fore reef facies. Consistant facies in 
Sequence 9b indicates dominant aggradation (build-up) development in both wells. 
 The change from reef front to back reef facies across SB9c suggests that the reef 
front at both EK-2 and FM-2 locations prograded basinward, following the SE produced 
at SB9c. The reef sigmoids, however, retreated again following the deposition of back 
reef facies above SB9c. Above the SB9c2, Sequence 9c at EK-2 well is dominated by 
reef front facies with thin interbeds of fore reef facies suggesting prolonged aggradation 
phase. During late highstand of Sequence 9c progradation is evident from the change 
from reef front to back reef facies seen at interval below SB9d. Alternating back reef 
and reef front-fore reef facies in Sequence 9c at FM-2 well suggests the combination 
of build-out and build-in phases during deposition of this sequence. During SB9d, both 
EK-2 and FM-2 wells locations appear to retreat onto the platforms, as shown by the 
change from back reef to dominantly reef front facies. In EK-2 well, thin reef slope and 
thick reef front facies dominate the lower part of Sequence 9d. The upper part comprises 
mainly back reef, with occasional open to semi-restricted platform facies. In FM-3 well, 
reef front with minor fore reef facies dominate in Sequence 8d. Thick development of reef 
front and back reef facies indicates that Sequence 9d in both wells seem to be dominated 
by aggradation phase. Much thinner Sequence 9d in FM-2 well could be due to erosion 
during subaerial exposure which produced the overlying 3rd order SB10.
 In Sequence 10, in depositional environment occurs across SB10 / SB10a in both 
EK and FM build-ups toward more  reef front environment. The drastic change from back 
reef and reef front facies in the underlying Sequence 9d to reef slope facies right above 
SB10 / SB10a suggests a major flooding event. In the EK-2 and EK-3 wells, the shallowing 
up environment to fore reef and reef front is seen during deposition in Sequence 10a. 
Reef front facies overlie the slope facies above SB10 / SB10a at FM-2 well. In EK-2 and 
EK-3 wells, the deepening was observed from reef slope to off reef above SB10a3. The 
MFS of Sequence 10, which also coincides with the MFS of Sequence 10a, is interpreted 
within the off reef interval. This major flooding event is believed to have drowned the FM 
carbonates, making the top of the FM carbonate successions correlatable to the MFS of 
Sequence 10. 
 An abrupt change from offreef to reef front environments occurred across the 
second 4th order SB (SB10b) in Sequence 10. The Sequence 10b1 is comprised of 
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predominantly reef front with thin intervening reef slope to offreef facies with overall 
shallowing upward sequence. The reef front facies are replaced by clean carbonate reef 
front facies in the overlying Sequence 10b2. The environment became slightly deeper 
in Sequence 10b3, mainly open to semi-restricted platform facies in EK-2 and fore reef 
to reef slope facies in EK-3 wells. The open to semi-restricted platform facies which 
persisted for substantial time period in EK-2 well suggests that the windward margin 
reefs were not continuous during this time. 
 Across the SB11 in EK-2 and EK-3 wells, the depositional environment changed to 
leeward margin and leeward slope settings. It is consistent throughout the entire Sequence 
11a. The environment became deeper upward below MFS11b, which was interpreted 
within a thick lower leeward slope section in both wells. Above this MFS, the environment 
became shallower to upper leeward slope and subsequently to leeward margin patch reefs. 
Deepening to upper leeward slope is observed at the base of 5th order Sequences 11b3 to 
11b5. As the leeward margin patch reefs prograded over the upper leeward slope facies 
in all three 5th order sequences, it gives an overall progradation (build-out) phase in 
the HST of Sequence 11b. Another major change in depositional environment occurred 
across SB11b, where windward reef front overlie the leeward margin facies of Sequence 
11b. In Sequence 11b, reef front to fore reef facies dominate at EK-2 location as opposed 
to reef front facies in EK-3 well. The consistent reef front setting, at least in EK-3 well, 
strongly indicates aggradation (build-up) phase of the platform during the Sequence 11b.
In Sequence 12, there have been no major depositional environment changes observed 
across SB12/SB12a. In EK-3 well, the reef front facies underlying Sequence  11b persists 
throughout Sequence 12. It comprises four 4th order sequences, namely Sequences 12a 
to 12d. Minor thin fore reef facies occur in Sequences 12a and 12c, but a thicker bed 
occurs in the lower Sequence 12d. Limited cores at EK-2 well indicate a slightly deeper 
depositional environment than at EK-3 well during Sequence 12b deposition. Although 
Sequence 12 at EK-3 well exhibits an aggradation (build-up) phase, the thick stacks of 
reef front facies apparently do not extend laterally into EK-2 location. This suggests 
that Sequence 12 represents a build-in phase during which the platform area became 
increasingly smaller and the reefs occupied a small portion of the platform. 
 Sequences 13 and 14 in EK-2 well may consist of carbonate slope deposits from the 
subtle coarsening-upward packages indicated by the GR log. Higher GR log values. This 
Sequence 13 suggests finer argillaceous sediments deposited in more distal environment. 
Sequence 14 and above are dominated by shale/claystone as shown by the relatively high 
GR log. Correlation with the cored section in EK-3 well suggests that these sediments 
were deposited in deeper inner neritic environments. Sequence 13 remnants in EK-3 well 
comprises thin fore reef deposits whicha are overlain by reef front facies, while Sequence 
14 remnants contains platform slope rudstone overlain by fore reef and reef front facies. 
Platform slope rudstone occurs right above the SB14 for only 0.4 m thick (Fig. 7.7). The 
top of the main carbonate succession in EK-3 well is taken at 5523.0 ft (1704.6 m) right 
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on top of this slope rudstone. This surface represents a major flooding surface, above 
which deep marine siliciclastic deposition became dominant. The detailed SB and MF 
surfaces and the relationship with depositional changes are illustrated in Figs. 7.3 (1), 7.3 
(2), 7.4 (1), 7.4 (2) and 7.7.
 As for the FW-1 and FW-2 wells, they represent the successions from SB15 to 
SB18 sequences. The detailed correlation of the 3rd, 4th and 5th order SB surfaces within 
the FW build-up is shown in Figs. 7.3 (3) and 7.4 (3). The detailed correlation of SB 
surfaces for 3rd, 4th and 5th order SBs surfaces in all the studied build-ups is shown in Fig. 
7.7. 
 Generally, applying the high order sequence stratigraphy is rather difficult as the 
SB and MFS surfaces cannot be recognized easily. However, this approach provides a 
greater step toward understanding the smaller sequences in more details.
 7.5.3 Depositional and lithological changes below major SBs
 Depositional environments seem to control the depositional facies but the final 
rock types are very much determined by diagenetic overprinting except for the tight 
argillaceous bindstone. Back reef and reef front rocks have been altered to chalky, tight, 
dolomitic limestones and dolomite. Their positions below 3rd order SBs appear to have a 
significant control on the resultant rocks. Chalky and tight limestones appear to dominate 
right below 3rd order SBs. Tight limestone occurs right below SB7 and SB8 in FM-2 well, 
while thick chalky limestone dominates right below SB9 in EK-2, EK-3 and FM-2 wells 
and also below SB10 of EK-3 well. Tight and chalky limestones occur right below SB11 
surface in EK-3 well. However, the porosity trend seems to be good below the SBs and 
decreasing downwards below the SB surfaces as shown by the cores from the FW-1 and 
FW-2 wells (Appendices 7.1 to 7.7).   
 Dolomitic limestone, calcareous dolomite and dolomite commonly occur below 
the chalky and/or tight limestone intervals. The most prominent dolomitized sections 
are in Sequences 8 and 9 of EK build-up and in Sequences 15 and 16 in FW build-up 
(Appendices 7.1 to 7.7). The dolomite occupies the middle part of these sequences. Some 
dolomitic limestone is also found in the middle section of Sequence 10 in EK-3 well. 
It is obvious that the dolomitized rocks come from various depositional facies. Those 
in Sequence 7 were deposited in open to semi-restricted platform, mixed carbonate-
siliciclastic, fore reef and reef front environments. The dolomitized rocks in Sequence 8 
are mainly from back reef and reef front-fore reef facies, while those in Sequence 9 are 
mainly from leeward margin and slope facies. The Sequences 15 and 16 in FW wells are 
mostly deposited in back reef and reef front environments. The diagenetic modification 
took place in different diagenetic environments. The diagenetic aspects of these build-ups 
are studied separately in Chapter 9. 
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 7.5.4 Sequence development history and depositional model
 Based on position of the studied buildups relative to palaeo-wind direction 
(Chapter 5 - Fig. 5.6; Figs. 7.3 (1) to 7.3 (3)), the windward margins of the FM, EK and 
FW build-ups ideally show variation in facies zonation distinct from the leeward side. 
However, it is rather difficult to differentiate the facies as the energy levels of these two 
margins are only slightly different. Only minor differences are noted and described in 
section 7.3.10. The development of the Central Luconia build-ups was also affected by 
palaeowinds, which changed and blew from the NNE and SSE directions with 100o angle 
(Vahrenkamp, 2006). Thus the leeward side of the platform during previous depositional 
cycle could become its windward side during the subsequent cycle. With this scenario, 
deposition in the leeward margin is still possible as evident in EK-2 cores. Depending on 
the growth rate of the windward-margin reefs, lagoon may develop in the interior part 
of the platform. Coral fragments and patch reefs may occur in the lagoon, while in the 
back-reef area, coral patches may be interspersed with bioclastic shoals. The reef core 
would consist of the reef crest/flat and the reef front facies that sometime difficult to 
differentiate. Down the windward flank, the fore reef grades to the upper and lower slope, 
while deeper offreef or open shelf environments prevail beyond the slope facing the open 
sea (Read, 1985; Epting, 1980). The offreef or open shelf environment is expected when 
the platform is drowned beyond the limit of the photic zone with 70 m water depth in 
warm water settings. Some patch reefs, coral thickets and associated bioclastic shoals 
are expected to occur along the leeward margin. Sediments transported from the margin 
interior are expected to be shed down the leeward slope. Rapid lateral progradation as 
observed in the Quarternary highstand sea-level conditions along the leeward platform 
margins in the Bahamas has been also reported by Grammer and Ginsburg (1992). 
 Drastic changes from one facies succession to another as observed in the EK, 
FW and FM carbonates (Appendices 7.1 to 7.7) would be better explained in terms of a 
dynamic model of build-ups in response to relative sea-level changes within the sequence 
stratigraphic context. During sea-level lowstands, the previous highstand build-up would 
be subaerially exposed. Given enough time (Sarg and Schuelke, 2003), carbonates would 
develop karst features, which are common below 6700 ft (2067.9 m) in the lower part 
of FM-2 cores. During sea-level lowstands, carbonate deposition confined along the 
submerged slope of the reefs and on the basin floor, if the relative sea-level lowstand was 
low enough to allow the basin floor to be within the photic zone. Oligophotic carbonate 
production (Pomar, 2006) predominated during this time. Larger foraminifera and 
rhodoliths dominate the allochems in the basin floor and slope deposits during sea level 
lowstands (Pomar, 2004; 2006). 
 During subsequent sea-level rise, reef margin, shoal, interior lagoon, patch reef 
and tidal flat re-established themshelves. Oligophotic carbonate production (Pomar, 2006) 
was switched off, while euphotic carbonate production, dominated by coral growth, was 
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turned on. As rising sea level persisted, the coral reef complex would continue to aggrade. 
Once the platform reached shoaling conditions during relative sea-level highstand, the 
reef complex would most likely prograded basinward. The upper part of the highstand 
succession would be subjected to meteoric diagenesis and erosion if the platform top was 
subaerially exposed during the subsequent fall in sea level. The cycle would be repeated 
but variations in facies distribution, thickness, faunal content and diversity are expected 
due to changes in antecedent topography, siliciclastic input, nutrient supply, salinity, wind 
direction and rate of relative sea-level rise.
 An idealized prograding windward margin of a reef complex contains the following 
sub-environments, from the platform interior to the basin: (1) back reef and the lagoon 
proper, (2) reef crest, (3) reef front, (4) fore reef, (5) reef slope, and (6) deeper off reef 
(open shelf). Facies from these environments are expected to dominate the transgressive 
and highstand systems tracts of the windward margin as seen in the EK-2, EK-3, FM-
2, FW-1 and FW-2 cores. The typical back reef area (patch reefs) facies contains any 
combination of the boundstones (bindstone, bafflestone and/or framestone) and interbeds 
of floatstone or wackestone-packstone. The lagoon proper contains floatstone, packstone 
and wackestone-packstone (Facies CL2). 
 The reef front succession is characterized by a gradual transition downwards 
from framestone, bafflestone and bindstone with increased in water depth. The gradual 
transition from massive to branching and platy corals in the reef front is evident in the 
studied build-ups. The upward facies changes from platy coral bindstone (Facies CL1d) 
to branching coral bafflestone (Facies CL1c) and massive coral bafflestone-framestone 
(Facies CL1a and CL1b) are common. Although coral-bearing boundstone (Facies 
CL1a) dominates the reef crest and the reef front environments, the reef crest was rarely 
encountered in the cores. The lack of thick framestone in the reef front is probably due to 
the fact that the cored wells are located at the centre of the build-ups which are dominated 
by lagoonal facies. More framestone is expected to occur if the wells are drilled at the 
flank of the build-up. The low diversity coral assemblages, mainly Porites, are typical 
of the Miocene (Mallorca  - Esteban, 1979; Pomar, 2006; Pomar and Hallock, 2007; 
Austria  - Riegl and Piller, 2000; and Caribbean - Johnson, 1999). However, in situ 
corals tend to diminish beyond the reef front that occur as fragments in the floatstone, 
rudstone and packstone of the fore reef and reef slope environments. The fore reef facies 
generally contain more coral fragments or clasts than the reef slope, which in turn contain 
more abundant red algal fragments and deeper water foraminifera. The foraminiferal 
assemblages of the fore reef, reef slope and off reef lithofacies are characterized by robust 
Operculina, Amphistegina, Lepidocyclina, Miogypsina and Cycloclypeus. The lithofacies 
of these deeper open marine sub-environments also contain few Katacycloclypeus and 
planktonic foraminifera, Globigerina and Orbulina. These foraminiferal assemblages are 
comparable to those presented by Ho (1978) and Epting (1980) in the Central Luconia 
carbonates. Finer-grained packstone and grainstone contain mainly red algal fragments 
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with deeper water larger foraminifera dominate the deeper off reef lithofacies.
 The EK, FM and FW carbonate successions were frequently subjected to 
subaerial exposures as indicated by the presence of meteoric diagenetic features (Fig. 
7.7). Exposures of different durations have produced 3rd and higher order SB surfaces 
as evidenced in the these build-ups. Cessation of carbonate production during subaerial 
exposures resulted in the lack of lowstand deposits on the emergent parts of platform 
top and upper slope. During subsequent flooding, the sequence boundary (SB) and 
the transgressive surface (TS) would be represented by the same surface. As the main 
carbonate production is expected to occur during the transgressive and highstand relative 
sea-level, the bulk of the carbonate successions would consist of the transgressive (TST) 
and highstand systems tracts (HST) as seen in the EK, FM and FW carbonate successions. 
The maximum flooding (MF) surfaces separating various orders of TST and HST in the 
cores were identified. 
 Sequence stratigraphic analysis of EK, FM and FW build-ups indicates that 
the eighteen 3rd order SB surfaces may correspond to major sea-level drops during the 
Oligocene to late Miocene (Haq et al., 1988; Harland et al., 1989) (Fig. 7.7).The first three 
SBs in the FM build-up (Cycle III) may represent sea-level drops at 17.7, 16.7 and 15.5 
Ma. The subsequent four SBs (Cycles IV and part of V) may correspond to sea-level falls 
during 13.1, 12.1, 10.5 and 8.5 Ma, while another three SBs recognized in the FW build-
up may correspond to 10.5, 6.3 and 5.2 Ma (early Toronian to late Messinian) sea-level 
falls.
 The model that illustrates the overall distribution of environments and corresponding 
facies belts during the eighteen successive time intervals would be constructed within the 
3rd order sequences. A continuous translation of the facies belts in response to the relative 
sea-level changes resulted in a modeling of reefoid belt which provides good reservoir 
quality in the southern part. In contrast, the shallow to deeper open marine condition 
prevailed which resulted in poor reservoir development. The different rate of carbonate 
growth between the reefoid and open marine facies further enhanced the original build-up 
asymmetry. 
 The SBs identified in the study coincide very well with the sea level falls as 
idenified by Haq et al (1986) as shown in Fig. 7.6.
7.6 Conclusions
 The above study concluded that :
(1) The bulk of the cored intervals from the RB, FK, FW and FM carbonate build-ups 
comprise facies from the reef front and the back reef environments. Minor depositional 
environments of the cores include (1) fore reef, (2) windward slope, (3) leeward slope, 
(4) open to semi-restricted platform, and (5) offreef or deep open platform. The cores also 
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penetrated some siliciclastic and mixed siliciclastic-carbonate deposits that range from 
inner neritic to open marine outer neritic and possibly bathyal. Shallower siliciclastic 
facies occur in the lower part of the EK-2 cores, while those from the deeper environments 
are present in the upper part of the EK-3 cores. 
(2) Nine carbonate depositional facies and four subfacies have been recognised within 
the EK, FM and FW build-ups. They are (1) Facies CL1, Coral framestone to bindstone 
and floatstone, (2) Facies CL2 (Miliolid-Sorites floatstone-wackestone), (3) Facies CL3 
(Rhodolith-algal floatstone-rudstone), (4) Facies CL4 (Amphisteginid packstone), (5) 
Facies CL5 (Larger foraminiferal (Miogypsinids) packstone/wackestone), (6) Facies CL6 
(Cycloclypeud-rich floatstone-rudstone), (7) Facies CL7 (Planktonic (Globigerinids) 
foraminiferal wackestone), (8) Facies CL8 (Limestone breccia), and (9) Facies CL9 (Mixed 
carbonate-siliciclastics). Facies CL1 can be further divided into four subfacies, namely 
(i) Subfacies CL1a (Massive Porites framestone), (ii) Subfacies CL1b (Branching-small 
massive coral bafflestone), (iii) Subfacies CL1c (Branching coral bafflestone), and (iv) 
Subfacies CL1d (Argillaceous-platy coral bindstone). Facies CL1 represents the main 
reef core/crest or reef front, while subfacies CL1a to CL1d represent the upper, middle 
and lower reef front environments with different water depths. Subfacies CL1d represents 
the deepest reef front environment. Facies (2) and (3) represent back reef and proper 
lagoon in protected environments, while Facies (4), (5) and (6) represent deposition in 
fore reef, slope and offreef environments, respectively. 
(3) Eighteen 3rd order sequences (Sequences 1 to 18) have been recognized within the 
Cycles I to V carbonates and correspond to sea level fluctuations. The first five sequences 
are only present within the Cycles I-II of RB build-up. Sequences 6 to 8 are present in RB 
and FM build-ups with significant variation and thickness. Sequences 9 to 14 are present 
in EK and FW fields, while Sequences 15 to 18 are present only within FW build-up. Four 
4th order sequences were identified in each 3rd order sequence, while three to five 5th order 
are present in each 4th order sequence. These SB and MF surfaces are well correlatable 
within and across the build-ups. 
(4) Relative sea level changes during the Cycles I to VI have played an important role in 
determining the architecture of the build-ups in Luconia  as evidenced by the presence 
of eighteen 3rd order SB and MF surfaces. The 3rd and 4th orders SBs and MFs could 
easily be correlated within and across the build-ups. Some 5th order SBs and MFs are 
well correlatable within the build-ups with some restriction across the build-ups due to 
difficulties in recognizing some of these subtle features on cores and logs. 
(5) Abrupt changes in depositional environments are observed across the 3rd to 5th order 
SBs and most prominent within the 4th order sequences. The rocks below 3rd order SBs 
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seems to exert more control on the current lithology than the depositional facies. Chalky 
and tight limestones dominate right below the SBs, while dolomite and dolomitized 
limestone are common below the chalkified zone. The best reservoir could be found in 
the middle part of the 3rd order sequences. In the EK and FM build-ups, the thickest 
dolomites are found in the middle part of Sequences 8 and 9, while in the FW build-up, 
the thickest dolomites are found in Sequences 15 and 16 . Obviously, an integrated high 
order sequence stratigraphy and sedimentology provides an excellent tool to further refine 
and better describe the carbonate sequence depositional history and model.
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lated between the wells or build-ups.
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CHAPTER 8
The Evolution of Diagenetic Cements in the Subis, Suai 
and Upper Unit of the Batu Gading Limestone Complexes, 
Onshore Sarawak 
8.1 Introduction
A diagenetic study was conducted on selected build-ups from onshore Sarawak. 
This study was performed, as many aspects of diagenesis, not studied before, could be 
useful for future hydrocarbon exploration and development understanding in the area. 
This study aims at establishing a comprehensive diagenetic evolution and characterization 
of the palaeo-diagenetic fluid systems of various cement stages, and understanding the 
factors that controlled porosity development and destruction in comparison with the 
offshore build-ups in the Central Luconia Province. The study employed an integrated 
diagenetic approach, as defined in Chapter 4, using the samples from the Subis, Suai and 
Upper Unit of the Batu Gading Limestone complexes.
8.2 Background : The state of thinking on cementation
Primary porosities of most carbonate sediments are high (40-70 %) and their 
reduction to <5 % by cementation requires a large source of CaCO3 and a highly efficient 
means of transporting the CaCO3 and precipitating it in the pores. As a result of competitive 
growth, the cement crystals have plane interfaces and increase in size away from the host 
substrate. Although many criteria have been established to recognise the cement based on 
crystal habits (Bathurst, 1975), the presence of two crystal generations and the percentage 
of enfacial junctions among triple junctions seem to be unequivocal in distinguishing 
cement from neomorphic spar.
During growth, mineralogy and fabrics of the host substrate will influence the 
cement mineralogy, fabric and rate at which different types of cement will occlude the 
porosity (Pray’s competitive cementation, Pray, 1966). The nucleation of cement crystals 
should involve both syntaxial overgrowth on the host substrate and the growth of new 
crystals with unique orientations although the processes and mechanisms are yet to be 
understood . The recognition of time break in cementation remains as an issue. Changes 
in the chemistry of the parent solutions can be traced in detail by staining the cements for 
Fe2+ content, luminescence petrography, electron microprobe or by stable isotope.
In addressing the supply of CaCO3 to the pore system and its precipitation in 
phreatic zone or deeper, the mixture of CaCO3 solid phases of different solubilities and fluid 
flow are critical. Diffusion process alone cannot perform the task of transportation. For 
cementation at the sea water-sediment interface, the cement mineralogy and the absence 
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of dissolution phenomena point to precipitation directly from sea water. Therefore, the 
whole scenario needs to be understood fully.
8.2.1 Carbonate cement and its processes
The precipitation of solution to form crystal involves two separate processes, 
known as cementation and neomorphism (Bathurst, 1975). The ‘cementation’ is defined 
as a process in which all passively, space-filling carbonate crystals precipitated and grew 
to a free surface (Bathurst, 1975), equivalent to ‘precipitated calcite’ as described by 
Folk (1965). This cement has a specific morphology or fabric, which is partly controlled 
by diagenetic environment where it precipitates. Distinguishing cement and neomorphic 
spar is sometime difficult.
‘Neomorphism’ is termed as all transformation between one mineral and itself or a 
polymorph, whether the new crystals are larger or smaller or simply differ in shape from 
the previous one. However, it does not include simple pore-filling as older crystals must 
have gradually been consumed, and their place simultaneously occupied by new crystals 
of the same mineral or a polymorph (Folk, 1965). Generally, the neomorphism involves 
two in situ processes, termed as polymorphic transformation (in situ transformation of 
minerals such as aragonite to calcite) and recrystallization (change in the fabric of a 
mineral or a monomineralic sediments) (Folk, 1965; Bathurst, 1975). The changes may 
involve crystal volume, shape and lattice orientation (Folk, 1965; Spry, 1969). As the 
products of these processes cannot normally be distinguished, ‘neomorphic spar’ is term 
to include all spar (microspar and pseudospar of Folk (1965)), which has formed as an in 
situ replacement of a more finely crystalline crystal mosaic (Bathurst, 1975). Despite the 
widespread occurrence of neomorphic spar, its actual growth has not been observed either 
in the field or in the laboratory (Bathurst, 1975). 
‘Aggrading neomorphism’ is the process whereby a mosaic of finely crystalline 
carbonate is replaced by a coarser (sparry) mosaic of the same mineral or its polymorph 
without the intermediate formation of visible porosity (Folk, 1965). The aggrading 
neomorphism develops in three phases namely nucleation, framework, and solution film 
(Bathurst, 1975). During the nucleation stage, stable calcite crystals begin to grow at the 
expense of other crystals (Bathurst, 1975). Original detritus or secondary calcite spar 
formed by early calcitization can act as nuclei for neomorphism (Bathurst, 1975). The 
source of carbonate for calcite growth is likely to be from locally dissolved crystals and 
CaCO3 brought in by fluid flow. Growth of the calcite crystals takes place by syntaxial 
precipitation in passive cavities. Although local dissolution of aragonite, influx of seawater 
and pressure solution are sufficient to provide the amount of cement in limestone, the 
actual source and migration of large volume of CaCO3 cement that has been transported 
through solution, to where it precipitates now, is still not fully understood. An integrated 
approach is, therefore, required here to understand the precipitation of carbonate cement, 
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as there is presumably only one of the processes in the complex reactions will accompany 
the stabilization of carbonate sediments (Bathurst, 1975).  
8.2.2 Recognition of cement in thin sections
Sixteen criteria of cement fabric have been recognized in thin sections (Bergenback 
and Terriere (1953) – criteria 1-5; Nelson (1959) – criteria 6-7; Bathurst (1958) – 
criteria 8-15; and Bathurst (1964) – criterion 16). These criteria are (1) Spar cement is 
interparticle with well-sorted and abraded particles, which are in depositional contact 
with each other. Micrite is unlikely to have been present in the original sediment. (2) Two 
or more generations of spar, where a distribution unlikely to arise by neomorphism of 
fine-grained carbonates. (3) Has no relic structure like in neomorphic spar. (4) Particles 
composed of micrite are not altered to spar. (5) Micrite coats on particles are not altered 
to neomorphic spar. (6) Mechanically deposited micrite is present but unaltered. (7) 
Contacts between spar and particles are sharp. (8) Margin of the sparry calcite mosaic 
coincides with the surfaces of skeletal particles or moulds of aragonitic shell fragments. 
(9) Spar lines a cavity, which it fills incompletely. (10) Sparry mosaic occupies the upper 
part of a cavity whose lower part by flat-topped geopetal sediment. (11) Mass of sparry 
mosaic has the form of a pore filling or of an encrustation. (12) Intercrystalline boundaries 
in the mosaic are made up of plate interfaces. (13) Crystal size increases away from the 
initial substrate of the sparry mosaic. (14) Mosaic crystals have a preferred orientation 
of optic axes normal to the initial substrate of the mosaic. (15) Sparry mosaic crystals 
have a preferred shape orientation with longest axis normal to the initial substrate of 
the mosaic like radial-fibrous. (16) The mosaic is characterized by a high percentage of 
enfacial junctions among the triple junctions, the meeting place of three intercrystalline 
boundaries (30-73%) against neomorphic spar (2-5%). 
The growth of cement is controlled by four major factors; (1) the substrate on 
which the crystals nucleates, (2) the level of saturation in carbonate ion of the solution, (3) 
the composition of the solution, and (4) the rate of movement of the solute ions past the 
growing crystal faces, in other words, fluid flow (Bathurst, 1975). The cement morphology 
(fabric/habit) is influenced by the growth rates of adjacent crystals and by the initial 
host substrate (Bathurst, 1975). In supersaturated solution, two processes of nucleation 
may occur. Homogeneous nucleation (syntaxial / overgrowth) forms as a result of change 
collision of solute ions (Spry, 1969). If the lattice is larger than 6-9 molecules, it will 
survive and continue to grow, while if the size is smaller it will be supersoluble (Nielson, 
1959). However, homogeneous nucleation would require a level of supersaturation higher 
than is actually observed when nucleation takes place (Wollast, 1971).  The effect of the 
Mg2+ activity and salinity will also influence the mineralogy and morphology of cement 
(Bathurst, 1975). Reducing conditions during precipitation permit the substitution of Fe2+ 
for Ca2+ in the calcite lattice (Evamy, 1969). Most nucleation are heterogeneous, where 
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the attachment of ions to an already existing host substrate as an overgrowth. They are 
treated in term of free surface energy (Bathurst, 1975).
8.2.3 Cement morphology
Under thin section, Bathurst (1975) recognized two main phases of cement 
morphology, namely radiaxial fibrous and equant rhombohedral. The radiaxial fibrous, 
the first generation of cement, refers to a fabric within a single large crystal and has 
divergent subcrystals and convergent optic axes. This pore-filler is an elongated fabric 
with length/breadth ratio of 7/1 (Bathurst, 1959). They have a preferred orientation of 
longest axes normal to the cavity wall. It composed of a number of subcrystals having 
slightly different extinctions. 
Equant rhombohedral, a second generation of cement, is commonly in lattice 
continuity with the radiaxial fibres, with a change from undulose to uniform extinctions. 
This transition is marked by a dust line that marks the final faces of the radiaxial crystals, 
which were later buried by the syntaxial growth of the equant crystals (Bathurst, 1971). 
Rim cement growth on echinodermal grains (syntaxial overgrowth) has been described 
by Evamy and Shearman (1965; 1969). Syntaxial overgrowth can be explained due to 
an abrupt change in fluid composition from which the cement was precipitated. Growth 
begins on the echinodermal frame into the pore spaces. In extreme case, the syntaxial 
rim is poikilotopic, where many polycrystalline grains being enclosed within one crystal 
of rim cement. The rate of cement growth on large single crystals is greater than on a 
polycrystalline substrate of micron-sized crystals (Bathurst, 1975). The growth of rim 
cement is prevented where the echinodermal surface is coated with micrite (Evamy and 
Shearman, 1965).
In many recent publications, detailed cement morphologies have been described 
based on their fabric and habit characteristics. The common cement morphologies include 
needle (fine acicular), radiaxial fibrous, pendant, meniscus, acicular, peloidal, micritic, 
columnar, circumgranular isopachous acicular, equant, circum granular, overgrowth, 
sparry, poikilotopic and baroque (saddle). These cement morphologies have been 
precipitated in different conditions and diagenetic environments.
8.2.4 Discontinuities on cement growth
The distinction in crystal habit and size between the earlier and later crystals is a 
strong evidence of a substantial time interval (Bathurst, 1975). In thin sections, the earlier 
generation of cement are commonly unstained with Alizarine Red-S, while the subsequent 
ferrous iron-rich are stained bluish and precipitated in the reducing phreatic environment 
due to a sudden change in the pore solution compositions (Bathurst, 1975). The chemical 
history of the pore water can be determined using luminescence petrographic and electron 
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microprobe analyses. Variations in the amount of Mn2+ and Fe2+ in lattice structure result 
in colour banding that reveals the history of the growing crystals and of the solution.
The causes of discontinuities in the cement growth are partially due to smaller 
crystals of earlier cement resulting from aragonite dissolution and low-Mg calcite 
precipitation in fresh water (subaerial environment) under low overburden (Bathurst, 
1975). Oldershaw and Scoffin (1967) has recognized two generations of calcite cement in 
the Silurian and Carboniferous limestones, namely unstained <200 ppm Fe2+ calcite and 
stained blue 200-500 ppm Fe2+ calcite, and concluded that aragonite dissolution and early 
cementation took place before compaction. The second generation of ferroan cement 
was inferred to come from pressure-dissolution of the argillaceous, iron-rich limestone 
and CaCO3 released from the clay underlying the clay-free limestone (Oldershaw and 
Scoffin, 1967). Detailed study of carbonate cement were pioneered by Meyers (1974) 
when he introduced the carbonate cement stratigraphic concept based on his work in the 
Mississippian carbonates of the Lake Valley Formation in Sacramento Mountains, New 
Mexico.
 
8.2.5 Replacement, neomorphic processes and microspar growth in diagenesis
Syntaxial rims can occur as replacement as well as cement. Replacement has 
taken place in several forms. (1) Patchy sparry replacement of detrital micrite, (2) Sparry 
replacement of skeletal fabrics (walls of molluscs or foraminiferids). (3) Replacement 
of detrital micrite by the outward syntaxial growth of crystals in the walls of allochems 
(Bathurst, 19715. Syntaxial rims also occur as cement on crinoids or echinoderms, so it is 
necessary to decide whether the enclosing micrite was deposited before or after the growth 
of the rims. Micrite might also be post-depositional and younger than the overgrowth 
(Evamy and Shearman, 1965). If the allochems are mud-supported, then the sediments 
were deposited in a single act and the syntaxial rim must be an in situ replacement 
(Bathurst, 1975). In packstone, consisting of grain-supported allochems with a matrix of 
micrite, then the growth of the syntaxial rim could have been proceeded the filtering of 
micrite into the intergranulat porosity; thus the rims could be either a syntaxial cement 
or a syntaxial replacement of micrite (Bathurst, 1975). If the filling of the pore between 
the allochems with micrite is incomplete, particularly if the micrite matrix is geopetally 
distributed, then the probability is high that the micrite filtered into the calcarenite after 
the allochems were deposited, hence the syntaxial rims are likely to be cement (Bathurst, 
1975). Lucia (1962) and Evamy and Shearman (1965) have found that growth of cement 
is prevented where the host surface is covered by micrite. If the biomicrite is poorly sorted 
but the size frequency distribution is not strongly bimodal, then the probability is high 
that the sediments was deposited in one act, thus the syntaxial rim here is likely to be an in 
situ replacement (Bathurst, 1975). The filtering of a micrite matrix into a grain-supported 
calcarenite should later on be followed by replacement of the in situ micrite by a syntaxial 
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rim nucleated on an echinodermal grain. If the syntaxial rim transects a rigid object, such 
as a skeletal grain, then the rim must be an in situ replacement (Bathurst, 1971). 
Displacive crystal growth is a third possible way of producing syntaxial rims 
(Bathurst, 1971). The main arguments are that; (1) The growing rim needs a source 
of additional CaCO3. If the growing rim depended on dissolution of CaCO3 at some 
distance for its supply of ions, whereby it was enable to push aside, without dissolving, 
the adjacent CaCO3 micrite. Therefore, the nearest and most soluble source of CaCO3 
(micrite) would be used. (2) The exposure of a multiphase carbonate to fresh water causes 
precipitation of sufficient cement to make a rigid framework.(3) Some syntaxial rims 
transect skeletal structures and the interface between fossil and rim is plane. This suggests 
in situ replacement of the fossil by the syntaxial rim rather than filling of a region of 
broken, lost fossil by cement. 
It is clear that the replacing crystals are larger. The evidence that neomorphic spar 
grew by dissolution of certain crystals and precipitation from solution of others is rather 
indirect. The pores of carbonate sediments are mostly filled with water, except in the 
terrestrial carbonate sediments above the water table. The products of neomorphism are 
associated with stratigraphic unconformities, with a variety of dissolution cavities, cement 
fillings and invasion of the sediments by fresh water, as evidenced by the Eniwetok and 
Guam cores (Bathurst, 1975). Solid-state crystal growth that leads to development of 
sparry calcite (by grain growth) would yield curved intercrystalline boundaries (Bathurst, 
1975). The presence of plane boundaries at the margin of sparry mosaic can be regarded 
as evidence favourable to crystal growth from a solution (Bathurst, 1975).
Folk has also shown some evidences for a neomorphic origin of cement, such 
as (1) Allochem float in three dimensions in the microspar cannot be considered as 
cement. (2) Though having uniform crystal size in any small area, microspar commonly 
passes, by gradual reduction of crystal size, into micrite. (3) Microspar is commonly 
concentrated around the allochems in an otherwise micrite matrix. (4) Some microspar 
adjacent to allochems has a radial-fibrous fabric. (5) Some faecal pellets embedded in 
microspar have been replaced by identical microspar so that the only remaining evidence 
of their existence is an elliptical, brown organic stain. (6) Occurrence of clay minerals as 
impurities in microspar.
8.2.6 Pressure dissolution in the sediments
Pressure-solution is the process whereby grains undergo dissolution at their 
contacts under the localized strain (Bathurst, 1975). Stylolite is formed as a complex 
interface between two rock masses, each mass having a number of columnar or finger-
like extensions, which fit in between the opposed columnar extensions of the opposite 
mass (Bathurst, 1975). Stylolites differ from grain-to-grain sutured contacts only in scale. 
Stylolites transect the whole rock rather than isolated grains. Prior to pressure-dissolution 
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hypothesis, other processes have been proposed to explain how the styolites were formed. 
Shaub (1953) advocated a contraction-pressure hypothesis, while Prokopovitch (1952) 
proposed for the action of dissolution in soft sediments. However, pressure-dissolution 
hypothesis is now more widely accepted. 
The growth of stylolites has sometime caused changes in thickness (20-35%) 
(Bathurst, 1975). Stylolites can act as permeability barriers which influence the distribution 
of aquifers and hydrocarbon reservoirs, and the CaCO3 released by stylolite growth is 
the major source of late diagenetic cement. The can be baffles to flow also if they are 
cemented. If they pop open due to fluid pressure, they will act as conduits to flow. The 
effects of stylolites have been described in details by many workers. Vertical thinning 
must have been accompanied by a large scaled migration of pore fluids at regional scale.
8.3 Onshore Sarawak carbonates : Original sediments and changes in rock 
composition and properties
The Lower Unit of the Batu Gading Limestone (late Eocene) sequence comprises 
massive nummulitic limestones. Occasionally, it grades into interbedded Nummulites-
rich limestone and Nummulites-poor limestone basinward. The sequence comprises 
Nummulities and other larger foraminifera of various sizes associated with algae and 
small benthic foraminifera. This high-energy nummulitic limestone has been interpreted 
as deposited as a bank/shoal deposit (see Chapter 6) with an initially excellent porosity. 
However, this rock type currently observed in the Batu Gading Limestone complex is 
generally very tight due to extensive diagenesis resulting from strong compaction, 
fracturing and extensive cementation by calcite, dolomite and silicate. 
As described in Chapter 6, the Subis, Suai and Upper Unit of the Batu Gading 
Limestone complexes (early Miocene) have completely different biota systems and 
facies types. The Upper Unit of the Batu Gading Limestone is composed of reef deposits, 
while the Subis and Suai Limestone complexes represent reef building successions and 
deepwater bank deposits, respectively. These sedimentary successions are relatively less 
affected by fracturing and cementation but the overall porosity remains poor (<5 %).  
8.4 General diagenetic observation in the Subis, Suai and Batu Gading Complexes
The diagenesis of the Subis, Suai and Batu Gading Limestones is partially related 
to their original fabrics and initial depositional environments. The carbonate successions 
deposited in a deeper marine environment are less subjected to subaerial exposure or 
meteoric environment but rather influenced by the marine realm. The late Eocene sequence 
of the Lower Unit of the Batu Gading Limestone has been strongly affected by diagenesis 
as evidenced by crushed and concavo-convex grains, microstylolites and pressure solution, 
fracture and massive cementation due to extensive overburden compaction (Plates 
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8.1 (1), 8.1 (2), 8.1 (3), 8.1 (4) and 8.1 (5)) compared to the overlying early Miocene 
sequences of the Subis, Suai and Upper Unit of the Batu Gading Limestones. Various 
diagenetic products, including cements, have been recognized from these sequences. A 
major break in the cement sequences is marked by a change in crystal habits. Although 
some micrites are thought to represent an early event, the earliest cement is made up of 
rims consisting of radial fibrous calcite (Stage C-1). Although it was also reported by 
Hussin (1991), this type of early cement is not very well recognized in the Subis, Suai 
and Batu Gading Limestone complexes. Bladed and syntaxial overgrowth, and meniscus/
pendant fabric cements (Grover and Read, 1983) (Stage C-2) are well developed on some 
echinoderm fragments. Equant, blocky and drusy calcites (Stages C-3 to C-5) are the 
most extensive cements that filled the intergranular pore space and some fractures. The 
elongated and euhedral calcite cement (Stage C-6) filled up mostly the late fractures and 
veins. Poikilotopic and interlocking calcite cement (Stage C-7) is also common in the 
studied build-ups. Pervasive dolomite crystals (Stage D-1) with fine sucrosic texture (<50 
microns) is more common in the Suai and the Batu Gading Complexes and dominantly 
present as a matrix replacement rhombs. Larger (50-300 micron) iron-free (Stage D-2) 
and iron-rich (Stage D-3) euhedral, coarse dolomite crystals are present mainly in the 
Subis Limestone complex. Deep burial diagenesis products, including iron-rich calcite 
(Stage C-7) and saddle dolomite (Stage D-3), were observed in association with minor 
fluorite and pyrite. All these cements were cut by very late fractures that were later infilled 
by silicate cement (Stage S-1) (Plate 8.2 (2) A1). This silicate cement is the most common 
as a late diagenetic product that filled in the latest fractures within the Batu Gading 
Limestone complex.
8.5 Crystal morphology and geochemical characteristics of cements
Based on crystal morphology and geochemical (cathodoluminescence, elemental 
and isotopic) characteristics, seven stages of calcite (C-1 to C-7), three stages of dolomite 
(D-1 to D-3) and one stage of silica (S-1) have been recognized to represent the early to 
late and shallow to deep burial diagenetic products.  
Prior to the formation of very early marine calcite cement, micrite has been 
formed extensively throughout the shallow marine carbonate interval. Its presence is quite 
extensive in many samples (i.e Plates 8.2 (7), 8.2 (5), 8.2 (9)). Micrite can also form as 
micrite envelope or mictitic peloids/pellets (Plate 8.1 (3)). Fecal pellets were developed 
in association of burrowing activities. They are comprised of brown isotopic materials 
that possibly contain high phosphate (Plate 8.1 (3)).
 8.5.1 Stage C-1 : Thin early marine isopachous calcite (Uncertain)
An early marine cement is common in most buildups elsewhere. However, it is 
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not very well developed in the studied buildups. Although the presence of isopachous 
early marine cement was reported by Hussin (1991), its presence is not very clearly seen 
here.  This was probably due to the fact that buildups have been subjected to early uplift 
prior to cementation or the cement was developed early but quickly subjected to early 
dissolution. However, there is no evident to clearly support these possibilities. 
8.5.2 Stage C-2 : Bladed calcite cement  
Results : The subsequent generation of cement is represented by stage C-2 calcite, 
which comprises limpid crystals with multiple compositional zonings and post-dates the 
earlier stage C-1 cement based on cross cutting relationship. The stage C-2 cement has a 
bladed texture (Plate 8.2 (1). occasionally has multiple compositional zonings (substages 
C-21 to C-23). Sometimes, it is subsequently followed by syntaxial overgrowth cement. 
The stage C-2 cement is characterized by the alternation of non-luminescence, dull to 
bright and moderately bright luminescence properties (Plate 8.2 (2)). In the Batu Gading 
Limestone, the stage C-2 cement is composed of 56.01 (CaO), 0.51 (MgO), 0.05 (MnO), 
0 (FeO), 0 (SrO2), 0.07 (BaO), 0 (SiO2), 0.02 (SO3), 0.09 (Na2O) and 0.02 (Cl-1) weight 
% concentrations (Table 8.1). The stage C-2 cement is an iron-free calcite with low Cl-1 
and moderate Na2+ (0.09 wt %) concentrations. The stage C-2 cement has -5.36 ‰ PDB 
of δ18O and +1.16 ‰ PDB of δ13C isotope signatures (Table 8.1). 
In the Subis Limestone, the stage C-2 cement is more prominent within the upper 
successions. It is again characterized by alternation of non-luminescence and bright 
orange luminescence properties. This cement is composed of 55.94 (CaO), 0.96 (MgO), 
0.04 (MnO), 0 (FeO), 0 (SrO2), 0 (BaO), 0 (SiO2), 0.01 (SO3), 0.01 (Na2O) and 0.02 (Cl
-1) 
weight % concentrations (Table 8.2) with the δ13C isotope compositions of +0.17 ‰ PDB 
and a more depleted δ18O value of -5.51 ‰ PDB. The stage C-2 calcite cement in the Suai 
Limestone has about similar characteristics as the stage C-2 cement in the Subis Limestone 
complex. It is composed of 56.02 (CaO), 0.25 (MgO), 0.01 (MnO), 0 (FeO), 0 (SrO2), 
0.05 (BaO), 0.01 (SiO2), 0 (SO3), 0.05 (Na2O) and 0.01 (Cl
-1) weight % concentrations 
(Table 8.3). The different is that it generally contains high Mg2+ concentration compared 
to those in the Subis and Batu Gading Complexes. This cement has the average isotope 
values of 0.37 ‰ PDB for δ13C and -6.10 ‰ PDB for δ18O.
Interpretation : The stage C-2 calcite cement has been clearly observed along the 
echinoderm and other foraminiferal fragments right after the stage C-1 calcite. Syntaxial 
rims can occur as cement as well as replacement rims after the stage C-2. In grain-
supported lithology here (packstone), allochems occur with a matrix of micrite, then the 
growth of the syntaxial rim could have been proceeded the filtering of micrite into the 
intergranular porosity; thus the rims could be either a syntaxial cement or a syntaxial 
replacement of micrite (Bathurst, 1971). Incomplete and geopetally distributed micrite 
may suggest that the micrite filtered into the rock after the allochems were deposited, 
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therefore, the syntaxial rims here are likely to be cement (Bathurst, 1971). The growth 
of cement is later prevented where the host surface is covered by micrite Furthermore, 
this cement often occurs in more saturated areas immediately below the capillary zone 
and above the water table where more excess fluids accumulate as droplets beneath 
grains and show gravity orientation (Longman, 1980; Moore, 2001) (Plate 8.1 (4) B). 
The low concentration of Na2+, Sr4+, Cl-1 and Mg2+ strongly suggests precipitation in a 
non-marine diagenetic environment. More depleted δ18O isotope signature (-5.36 to -6.30 
‰ PDB) and positive values of δ13C (+0.17 to +1.16 ‰ PDB) may indicate precipitation 
within the overlapping of an average marine limestone and freshwater vadose diagenetic 
environment, as proposed by Moore et al. (1972), Scoffin (1987), Moore (1989) and 
Hudson (1977). However, the crystal texture of meniscus cement is indicative of meteoric 
environment, while the syntaxial overgrowth texture often associated with the sediment 
compaction that usually occurs at burial conditions. 
 8.5.3 Stages C-3 : Medium-sized equant calcites   
Results : Stage C-3 calcite cement is a fine- to coarse-grained (up to several mm) 
low iron content of equant to drusy calcite that mainly filled up the pores and occasionally 
the veins (Plates 8.2 (1), 8.2 (2), 8.2 (3) and 8.2 (8)). This cement cross cuts the earlier 
C-2 cement and is abundant in most samples. It is characterized by coarser calcite crystal 
with dirty appearance due to abundant fluid inclusions. In the Batu Gading Limestone, 
this cement shows moderately dull luminescence properties and it is composed 55.89 
(CaO), 0.39 (MgO), 0.04 (MnO), 0.18 (FeO), 0 (SrO2), 0.02 (BaO), 0 (SiO2), 0.01 (SO3), 
0.01 (Na2O) and 0.01 (Cl
-1) weight % concentrations (Table 8.1). This stage C-31 cement 
has a narrow range of δ13C (0.11 ‰ PDB) and δ18O (-7.77 ‰ PDB) isotope values (Table 
8.1). 
The stage C-3 calcite cement in the Subis and Suai Limestone complexes is 
also characterized by non-luminescence properties. The stage C-3 cement in the Subis 
Limestone complex is composed of 57.24 (CaO), 0.18 (MgO), 0 (MnO), 0.01 (FeO), 0 
(SrO2), 0 (BaO), 0 (SiO2), 0.02 (SO3), 0.01 (Na2O) and 0.01 (Cl
-1) weight % concentrations 
(Table 8.2). It has the δ13C isotope values of 0.71 ‰ PDB and δ18O of -6.22 ‰ PDB. In 
comparison, the stage C-3 cement in the Suai Limestone complex is composed of 55.55 
(CaO), 0.22 (MgO), 0.06 (MnO), 0.04 (FeO), 0.07 (SrO2), 0 (BaO), 0.01 (SiO2), 0 (SO3), 
0.01 (Na2O) and 0.01 (Cl
-1) weight % concentrations (Table 8.3). However, the δ13C and 
δ18O isotope values were not measured for this cement for making a comparison.
The equant crystal of stage C-3 cement contains abundance of fluid inclusions. 
The fluid inclusions analysis results from the Subis and Batu Gading Limestones contain 
both two-phase and all-liquid inclusions but lack of vapour-dominated inclusions. The 
homogenization temperature (Th) is <50oC whilst the melting temperature (Tm ice) 
values range between -1.2 and -0.8 oC in the Subis Limestone and -3.4 to -2.4 oC in the 
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Batu Gading Limestone. 
Interpretation : It is rather well established that blocky, equant and drusy crystal 
habits are not dedicated to any specific diagenetic environment. They can be formed in 
both phreatic meteoric and burial settings (Flugel, 2004). For stage C-3 cement, more 
negative δ18O values of the drusy and equant calcite cement may indicate precipitation 
from either meteoric fluids enriched in lighter oxygen isotope or burial fluids that probably 
‘warm’ burial fluids resulting from modified seawater. The fluid inclusions show that 
similar cement contains both two-phase and all-liquid inclusions and the occurrence of 
two-phase inclusions with moderately consistent liquid to vapour phase ratio. The relative 
abundance of all-liquid inclusions supports the interpretation that entrapment occurred at 
low temperature (<50 oC) (Goldstein and Reynolds, 1994). The lack of vapour-dominated 
inclusions indicates entrapment in the phreatic rather than vadose environment. However, 
all liquid inclusions in both samples are not paired with two-phase inclusions, thus 
pointing to low temperature entrapment below 50 oC. The homogenization temperature 
(Th) also indicates precipitation at low temperature (<50 oC) and matches with the above 
interpretation. The melting temperatures (Tm ice) range between -1.2 to -0.8 oC in the 
Subis Limestone cement indicate that the inclusions were trapped from water ranging 
from marine to fresh composition (mixed marine and meteoric). The higher melting 
temperature (Tm ice) values of -3.4 to -2.4 oC in the Batu Gading Limestone samples 
indicate that the inclusions were trapped from possible evaporitic waters or during shallow 
burial up to 500 m depth. As the evaporitic minerals are not present in the Batu Gading 
Limestone samples, the shallow water entrapment at shallow burial depth is most likely 
the case.
8.5.4 Stages C-4 : Blocky equant to drusy iron-rich calcite cements 
Results : Stage C-4 calcite cement (Plates 8.2 (1), 8.2 (2), 8.2 (3), 8.2 (5) 8.2 (7), 
8.2 (8), 8.2 (9) and 8.2 (10))  is characterized by a blocky calcite that filled up some vugs 
and occasionally veins. In the Batu Gading Limestone, this stage C-4 cement is an iron-
rich calcite composed of 55.3 (CaO), 0.33 (MgO), 0.55 (FeO), 0 (MnO), 0.09 (SrO2), 0 
(BaO), 0.03 (NaO2), 0 (SiO2) 0.01 (SO3) and 0 (Cl
-1) weight % concentrations (Table 8.1). 
However, similar cement in the Subis and Suai Limestones is rather non-ferrous in nature. 
In the Subis complex, the stage C-4 cement is composed of 56.53 (CaO), 0.16 (MgO), 
0.07 (MnO), 0 (FeO), 0 (SrO2), 0 (BaO), 0 (SiO2), 0.02 (SO3), 0.04 (Na2O) and 0 (Cl
-1) 
weight % concentrations, while similar cement in the Suai Limestone complex contains 
56.26 (CaO), 0.26 (MgO), 0.04 (MnO), 0.01 (FeO), 0.08 (SrO2), 0 (BaO), 0 (SiO2), 0.05 
(SO3), 0 (Na2O) and 0 (Cl
-1) weight % concentrations (Table 8.3). The stage C-4 cement 
in the Subis Limestone complex has the δ13C and δ18O isotopic values of 0.19 ‰ PDB and 
-6.47 ‰ PDB, respectively (Table 8.2). 
Interpretation : Stage C-4 cement composition is more ferrous in the Batu 
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Gading compared to the Subis and the Suai Limestones. The Mg2+ concentration is much 
higher in the Batu Gading Limestone cement. The compositions of other elements are 
also different. Likewise, the δ18O and δ13C isotopic signatures also vary in different build-
ups. These data strongly suggest that the stage C-4 cements from different build-ups were 
precipitated from completely different fluid systems at different temperatures and probably 
at different times, as indicated by the difference in isotopic compositions. Equant cement 
morphology with low concentration of Fe2+ are characteristic of the phreatic environment 
that precipitated at slightly deeper burial depths.
8.5.5 Stage C-5 : Blocky equant to drusy iron-rich calcite cements 
Results : Stage C-5 calcite cement is also marked by a blocky/drusy and vug-
filled calcite with large crystal size ranging from 500 microns to several millimeters, but 
often displays clear crystal without fluid inclusions. This cement cross cuts the earlier C-4 
cement. The stage C-5 cement is characterized by bright orange luminescence properties. 
In the Batu Gading Limestone, the stage C-5 cement is composed of 55.29 (CaO), 0.33 
(MgO), 0 (MnO), 0.55 (FeO), 0.09 (SrO2), 0 (BaO), 0.03 (SiO2), 0 (SO3), 0.01 (Na2O) 
and 0 (Cl-1) weight % concentrations (Table 8.1). The stage C-5 cement in the Subis and 
the Suai Limestones have also almost similat characteristics. They are composed of 55.94 
(CaO), 0.96 (MgO), 0.04 (MnO), 0.01 (FeO), 0 (SrO2), 0 (BaO), 0 (SiO2), 0.01 (SO3), 
0.01 (Na2O) and 0.01 (Cl
-1) weight % concentrations (Tables 8.1 and 8.3). The stage C-5 
cement in the Batu Gading Limestone has the δ13C and δ18O isotope values of 0.48 ‰ 
PDB and -8.61 ‰ PDB, respectively. The same stage C-5 cement in the Subis Limestone 
contains the δ13C and δ18O isotope compositions of 0.54 ‰ PDB and -6.78 ‰ PDB, 
respectively (Table 8.2). 
Interpretation :  As for the stage C-5, the cement composition is again more 
ferrous in the Batu Gading compared to the Subis and the Suai Limestones. The Mg2+ 
concentration is much higher in the Batu Gading Limestone cement. The compositions 
of other elements are also different. Likewise, the δ18O and δ13C isotopic signatures also 
vary in different build-ups. These data strongly suggest that the stage C-5 cements from 
different build-ups were precipitated from completely different fluid systems at different 
temperatures and probably at different times, as indicated by the difference in isotopic 
compositions. Equant cement morphology with low concentration of Fe2+ are characteristic 
of the phreatic environment that precipitated at slightly deeper burial depths.
 8.5.6 Stage C-6 : Elongated and euhedral fracture-filling calcite cement  
 
Results : Stage C-6 is a clean, euhedral with elongated crystal habit and iron-
rich fracture-filling calcite that grew normal to the margins of the fractures or veins into 
pore spaces (Plates 8.2 (3), 8.2 (8) and 8.2 (10) D). The C-6 cement cross cuts the C-5 
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cement indicating that it is younger than the C-5 cemens. The crystal size is very large 
(several mm) and very common in the Suai and Subis Limestone complexes. The crystal 
morphology is becoming more subhedral in the Batu Gading Limestone complex. This 
stage C-6 cement is characterized by uniformly very dull luminescence properties. In the 
Batu Gading Limestone, this cement is more ferrous and composed of 54.60 (CaO), 0.25 
(MgO), 0.06 (MnO), 0.64 (FeO), 0 (SrO2), 0.07 (BaO), 0 (SiO2), 0 (SO3), 0 (Na2O) and 
0 (Cl-1) weight % concentrations (Table 8.1). However, the composition may vary from 
57.21 (CaO), 0.18 (MgO), 0 (MnO), 0.01 (FeO), 0 (SrO2), 0 (BaO), 0 (SiO2), 0.02 (SO3), 
0.01 (Na2O) and 0.01 (Cl
-1) weight % concentrations in the Subis Limestone (Table 8.2) 
to 56.50 (CaO), 0.23 (MgO), 0 (MnO), 0 (FeO), 0.15 (SrO2), 0.15 (BaO), 0 (SiO2), 0.05 
(SO3), 0.01 (Na2O) and 0 (Cl
-1) weight % concentrations in the Suai Limestone  complex 
(Table 8.3). The δ18O and δ13C isotopic compositions also vary from 0.55 and -8.43 ‰ 
PDB in the Subis, 0.39 and -11.42 ‰ PDB in the Batu Gading and 0.96 and -7.21 ‰ PDB 
in the Suai Limestone complexes (Tables 8.1, 8.2 and 8.3).  
Interpretation : This euhedral crystal morphology may indicate that the calcite 
has adequate space and time to allow the crystal to grow normally to form a euhedral 
(Plates 8.2 (8) and 8.2 (10) D) crystal shape. Very dull luminescence properties may 
indicate precipitation in slightly more reducing environment. However, the elemental 
composition of this cement seems to be different in different build-ups. More ferrous 
composition in the Batu Gading Limestone compared to the Subis and Suai Limestones 
may indicate precipitation within more reducing environments. Positive δ13C isotope 
composition (+0.39 ‰ PDB in the Batu Gading, 0.55 ‰ PDB in the Subis and 0.96 ‰ 
PDB in the Suai Limestones) do not seem to be much different from the earlier cements but 
contain more depleted δ18O isotope compositions (-7.2 to -11.42 ‰ PDB). These suggest 
that the precipitation of the stage C-6 cement (Tables 8.1, 8.2 and 8.3) occurred at higher 
temperatures (Hudson, 1975). These precipitation temperatures vary from one build-up 
to another as shown by different isotope and composition. The highest temperature is 
recorded in the Subis Limestone complex, as evidenced by lighter and more negative 
∂18O isotope values (-11.42 ‰ PDB).  
8.5.7 Stage C-7 : Poikilotopic and interlocking fracture-filling calcite cement
  Results : Poikilotopic calcite (Stage C-7) is very common in all the studied build-
ups (Plates 8.2 (3) and 8.2 (5)). The morphology of this cement is very similar to those 
described elsewhere. This cement is characterized by large crystal with twin cleavages. 
The cement shows a straight extinction pattern under cross-polarized light and occurs 
as complete pore-fills. Most commonly, the stage C-7 is represented by poikilotopic 
iron-rich calcite and occasionally interlocking texture that fills up the space between the 
elongated crystals within the fractures or veins. This cement shows moderately dull to 
very dull luminescence properties and contains relatively high concentration of Fe2+ in 
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its lattice structure (0.71 weight %). In the Batu Gading Limestone complex, this cement 
is composed of 54.80 (CaO), 0.32 (MgO), 0.08 (MnO), 0.81 (FeO), 0 (SrO2), 0 (BaO), 
0 (SiO2), 0 (SO3), 0.12 (Na2O) and 0 (Cl
-1) weight % concentrations (Table 8.1). This 
cement has the most depleted δ18O (-12.97 ‰ PDB) and δ13C (-2.61 ‰ PDB) isotope 
values. 
The stage C-7 cement in the Subis Limestone (Table 8.2) is composed of 54.60 
(CaO), 0.22 (MgO), 0.04 (MnO), 0.44 (FeO), 0 (SrO2), 0.05 (BaO), 0.01 (SiO2), 0.02 
(SO3), 0.04 (Na2O) and 0 (Cl
-1) as opposed to the Suai Limestone that composed of 54.60 
(CaO), 0.22 (MgO), 0.04 (MnO), 0.44 (FeO), 0 (SrO2), 0.05 (BaO), 0.01 (SiO2), 0 (SO3), 
0.02 (Na2O) and 0 (Cl
-1) weight % concentrations (Table 8.3). This stage C-7 cement in 
the Subis Limestone complex has the δ13C and δ18O isotope compositions of -0.35 ‰ 
PDB and -11.60 ‰ PDB, respectively (Table 8.2), as opposed to 0.62 ‰ PDB and -8.9 ‰ 
PDB in the Suai Limestone (Table 8.3).
Interpretation : The diagenetic environment of the poikilotopic cement (Stage 
C-7) precipitation has been the subject of much discussion. This cement was considered 
to be of meteoric phreatic origin or late burial origin (Longman, 1980; Harris et al., 1985). 
This was later interpreted to have precipitated in deeper burial environment (Tucker, 1991). 
As the stage C-7 is an iron-rich (0.46 to 0.71 wt %) calcite that shows moderately dull 
to bright orange luminescence properties, these evidences reflect reducing condition that 
prevail in deep burial conditions. The ∂13C isotope compositions of 0.62 ‰ PDB in the Suai 
(Table 8.3) and 0.35 ‰ PDB in the Subis Limestone complexes (Table 8.2) do not show 
much difference from the earlier cements but it displays the most depleted δ18O isotope 
signatures (-8.60 to -14.50 ‰ PDB). This cement also postdated stylolites, suggesting the 
precipitation of this stage C-7 cement might have occurred after compaction and pressure 
solution at higher temperatures and deeper burial depths in comparison with the earlier 
cements. The source of CaCO3 should come from pore water, pressure dissolution or 
dissolution of skeletal grains. High quantity of poikilotopic calcite cements may indicate 
that pressure dissolution is the major control to reservoir properties development and 
destruction within these carbonates.
 8.5.8 Stage D-1 : Iron-free sucrosic microdolomite 
 
Results : Stage D-1 dolomite (Plates 8.2 (6) A-D) is represented by fine, subhedral 
to euhedral non-ferrous dolomite rhombs, with the size ranging between 10 and 30 μm. 
This dolomite rhomb occurs extensively within the Suai (Plates 8.2 (6) A-D) and the Batu 
Gading Limestone (Plate 8.2 (11)) complexes and rarely seen in the Subis Limestone 
complex. The rhombs show a sucrosic texture with a fine concentric zonation pattern, 
the alternation of non-luminescence, yellowish to light orange, dull to non-luminescence 
and bright orange luminescence zones (Substages D11 to D14 . as seen in the Batu Gading 
Limestone. However, in the Suai Limestone, only the first and the seond zones (non-
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luminescence and light orange to yellowish) have been observed. This stage D-1 dolomite 
is characterized by a iron-free dolomite. It is composed of 32.51 (CaO), 20.56 (MgO), 
0.01 (MnO), 0.01 (FeO), 0 (SrO2), 0.02 (BaO), 0.42 (SiO2), 0 (SO3), 0.02 (Na2O) and 
0 (Cl-1) weight % concentrations (Table 8.1). However, minor differences in elemental 
compositions of this dolomite are expected in different build-ups. The stage D-1 dolomite 
has an average δ13C isotope value of -1.34 ‰ PDB and δ18O isotopic composition of -2.57 
‰ PDB (Table 8.1). 
Interpretation: The iron-free of stage D-1 sucrosic microdolomite occurs as a 
matrix replacement dolomite. The composition of this dolomite depends on the original 
composition of the matrix during crystal transformation. The stable isotope compositions 
(-1.34 ‰ PDB for δ13C and -2.57 ‰ PDB for δ18O) do not show any specific trend but 
falls under the shallow-marine domaine (Tables 8.1, 8.2 and 8.3). The dolomites with 
heavier δ18O signatures have been interpreted to have been formed at lower temperature. 
A slight negative δ13C composition could reflect a near-surface carbon source deriving 
from bacterial degradation of organic matter that was initially incorporated into the 
muddy sediments. This low temperature dolomitization model invokes the possibility of 
dolomitizing fluid from mixed sea and fresh water (Machel, 2005; Carnell and Wilson, 
2003) or microbial dolomite environment (Vasconcelos et al., 1995; 2006). As there is no 
anhydrite or evaporitic mineral ever found in the build-ups, the mixing seawater and fresh 
water model is the most likely the case although this model is debatable due to the absence 
of dolomite in the modern example. The data also suggests an early dolomitization that 
took place at lower temperature (< 50oC), most likely during the platform emergence at a 
very shallow environment.  
 
8.5.9 Stage D-2 : Larger iron-free dolomite  
Results: The stage D-2 dolomite represents a large subhedral to euhedral crystal 
with curved cleavage plane and undulose extinction. This dolomite is rather restricted 
within the shallow marine facies only. The large D-2 dolomite crystals (100-300 microns) 
grow from the margins of fractures into the centre of the fractures or dissolution vugs 
and is more apparent in the Subis Limestone complex. This stage D-2 dolomite is 
characterized by four cathodoluminescence zones (substages D-21 , D-22, D-23 and D-24) 
of moderately bright to dull luminescence, bright orange and non-luminescence properties 
that occasionally developed after stage D-1 dolomite. The substage D-21 is composed of 
32.68 (CaO), 20.11 (MgO), 0 (MnO), 0 (FeO), 0 (SrO2), 0 (BaO), 0.04 (SiO2), 0.01 (SO3), 
0.01 (Na2O) and 0 (Cl
-1) weight % concentrations (Table 8.2). The second substage D-22 
contains 32.56 (CaO), 20.41 (MgO), 0.01 (MnO), 0.01 (FeO), 0 (SrO2), 0.13 (BaO), 0.01 
(SiO2), 0.02 (SO3), 0 (Na2O) and 0.02 (Cl
-1) weight % concentrations (Table 8.2). The 
third substage D-23 is composed of 33.45 (CaO), 17.91 (MgO), 0.03 (MnO), 0.07 (FeO), 
0 (SrO2), 0.13 (BaO), 0.16 (SiO2), 0.02 (SO3), 0.11 (Na2O) and 0.04 (Cl
-1) weight % 
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concentrations (Table 8.1). However, the final substage D-24 is too small to be analysed. 
The Fe2+ concentration gradually increases from 0 wt % in stage D-21 to 0.01 wt % and 
0.07 wt % in substages D-22 and D-23. Similar trend is also observed for Cl
-1 and Mn2+ 
concentrations. The stage D-2 has δ13C isotope compositions of +1.80 to + 2.47 ‰ PDB 
and δ18O isotope values of -1.07 to -3.34 ‰ PDB (Table 8.2). 
Strontium analysis results show that the stage D-2 dolomite has 87Sr/86Sr value of 
0.708247.
Interpretation : Based on the elemental and cathodoluminescence characteristics, 
the stage D-2 iron-free dolomite has been interpreted to have been precipitated within an 
oxidized environment and restricted only within the shallow marine facies. The updip 
migration of basinally active fluid should be one of the possible sources (Mates and 
Mountjoy, 1980). The Mg2+ ions could have been released from various sources (Longman, 
1982), such as Mg-calcite in the sediments, Mg-rich clays during the transformation of 
smectite-illite and Mg-rich from the formation fluids themselves. The more positive 
values of δ13C (+1.80 to + 2.47 ‰ PDB) and negative values of δ18O (-1.07 to -3.34 ‰ 
PDB) may suggest precipitation at low temperature (<50oC) but slightly higher than the 
earlier stage D-1 dolomite. The negative δ13C isotopic compositions could also reflect 
a near-surface carbon source deriving from bacterial degradation of organic matter that 
was incorporated into the muddy sediments. Low temperature dolomitization models 
suggest the possibility of dolomitizing fluids from either seawater, mixing of seawater 
and fresh water, or brines (reflux and sabkha models) in an evaporitic environment 
(Machel, 2005). The absence of primary evaporitic minerals in the samples does not 
support the dolomitization from the reflux or sabkha brine. Moderate amount of Na+ and 
Cl-1 may again indicate a possibility of precipitation from the marine waters. However, the 
stage D-2 dolomite distribution is restricted to fractures or solution vugs. This evidence 
indicates that the dolomitization took place after fracturing or major dissolution event 
long after deposition of the sediments. 
The stage D-2 dolomite has 87Sr/86Sr value of 0.708247. After applying the 
correction, this value was then plotted against the strontium curve on Miocene benthic 
foraminifers from East Java (Flakes, 1979). Most of the values are significantly higher 
than the middle Miocene seawater strontium ratios, suggesting the dolomitization involved 
non-marine diagenetic fluids, possibly within the mixing zone environment and/or burial 
conditions. After correction to seawater during the early Miocene, these 87Sr/86Sr ratios 
may suggest that the stage D-2 dolomitization took place at about 24.0 Ma. This timing 
may correspond quite well with the sea-level fall during the early Miocene. 
 
 8.5.10 Stage D-3 : Large iron-rich dolomite  
Results : The subsequent stage D-3 dolomite is represented by euhedral to 
subhedral, clean dolomite crystal, the extension of stage D-2 dolomite due to a change 
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in dolomitization fluid. It is characterized by non-luminescence to bright orange 
luminescence properties and composed of 32.91 (CaO), 19.42 (MgO), 0.01 (MnO), 0.53 
(FeO), 0 (SrO2), 0.21 (BaO), 0 (SiO2), 0.06 (SO3), 0.02 (Na2O) and 0.02 (Cl
-1) weight % 
concentrations (Table 8.2). This dolomite has δ13C isotope compositions of +0.89 to -1.51 
‰ PDB and more depleted δ18O values of -4.72 to -5.54 ‰ PDB (Table 8.2). 
The stage D-3 dolomite has a 87Sr/86Sr value of 0.708450. 
Interpretation : The stage D-3 dolomite represents the last stage of dolomitization. 
Non-luminescence to bright orange luminescence properties, moderate to high 
concentrations of Fe2+ (0.53 wt %) and Ba2+ (0.21 wt %), and the δ13C isotope compositions 
of +0.89 and -1.51 ‰ PDB and more depleted δ18O values of -4.72 to -5.54 ‰ PDB fall 
within the average dolomite occurrence. High Fe2+ content may indicate precipitation from 
iron-rich dolomitizing fluid that might be associated with more oxidizing environment. 
They were precipitated at relatively low temperature (but higher than the earlier stages 
D-1 and D-2 dolomites) and deeper burial depth. Although the crystal morphology of 
stage D-3 dolomite looks like a saddle texture with small texture, the δ13C and δ18O isotope 
compositions here do not really support the interpretation from very high temperature and 
deep burial conditions, as seen in many other examples worldwide.
Stage D-3 dolomite has a 87Sr/86Sr value of 0.708450. After applying the correction, 
this value is higher than the middle Miocene seawater strontium ratios, suggesting the 
dolomitization involved non-marine diagenetic fluids, possibly within the mixing zone 
environment and/or burial conditions. After correction to seawater during the early 
Miocene, these 87Sr/86Sr ratios may suggest that the stage D-3 dolomitization took place 
at about 20.0 Ma. This may correspond with the sea-level fall during the early Miocene. 
 8.5.11 Stage S-1 : Silica cement  
Results : Silica (quartz) cement (Stage S-1) is the latest phase of cementation that 
filled up the latest fractures and veins (Plates 8.1 (1) and 8.2 (2)). The fractures that are 
filled up by stage S-1 cement cross cut the previous calcite and dolomite cements. This 
cement is prominent within the Batu Gading Limestone and not obvious in the other 
build-ups. The stage S-1 cement is characterized by dull luminescence properties under 
hot cathodoluminescence and composed of 0.03 (CaO), 0.01 (MgO), 0.01 (MnO), 0.04 
(FeO), 0 (SrO2), 0.01 (BaO), 56.91 (SiO2), 0 (SO3), 0.01 (Na2O) and 0 (Cl
-1) weight % 
concentrations (Table 8.1). The elemental composition shows that the stage S-1 cement 
contains quite high Ca2+ and Fe2+ concentrations.
Interpretation : This S-1 silica cement has been interpreted to have been 
precipitated at relatively high temperature, not long after fracturing, as evidenced by a 
complete quartz cementation within the fractures. The source of silica has been interpreted 
to have come from in situ source due to a strong mechanical and chemical compactions, as 
shown by interlocking texture and high amplitude stylolites. This stage S-1 cementation 
296 Chapter 8 - The Evolution of Diagenetic Cements In Onshore Carbonates
took place at a very late stage of burial diagenesis, as this cement cross cuts the rest of the 
earlier cements.
 8.5.12 Other minor diagenetic cements and minerals
Results : Pyrite, minor fluorite and chlorite are also present in selected samples 
from all the build-ups, as shown by x-ray diffractometry results (Fig. 8.4(1)). Their 
presence is also strongly supported by petrographic observation.
Interpretation : The presence of pyrite (FeS2) may indicate precipitation within a 
reducing environment (Plate 8.3 (1) D). Pyritization of allochems and late phase diagenetic 
minerals may suggest that the pyritization took place quite late during burial diagenesis. 
Chlorite and fluorite have been interpreted to have precipitated at late phase of diagenesis.
 8.5.13 Multiple stage of fracturing 
Results and Interpretation : At least three major phases of fracturing were 
recognized within the Subis and Batu Gading Limetone complexes. However, these 
fracturing events are not that obvious in the Suai Limestone complex. The most extensive 
generation of fractures occurred at the late phase of stage C-3 cementation prior to 
precipitation of the stages C-4/ C-5/ C-6 calcites and D-1/ D-2 dolomites. The second 
generation of fractures took place prior to precipitation of stage C-6 calcite cement, 
while the third phase of fracturing occurred prior to stage S-1 quartz cementation. These 
relationships were established by a cross-cutting relationship evidences as shown in the 
description of each of the stages above. 
 8.5.14 Continued mechanical and chemical compaction 
Results: Mechanical and chemical compactions have severely affected all the 
limestone complexes, particularly in the deeper intervals of the limestone complexes, i.e 
Lower Unit of the Batu Gading Limestone, due to an increased overburden. Mechanical 
compaction is evidenced by brittle elongated bioclasts (Plate 8.1 (1) D), while chemical 
compaction is represented by a sutured grain-to-grain contact (Plate 8.1 (5) B), solution 
seams and stylolites of multiple amplitudes (Plate 8.1 (1) D). The stylolites seem to cross 
cut stages C-3 to C-5 cements.
Interpretation : Stylolites that cut across the equant and drusy calcites indicate 
that the stages C-3 to C-5 cements were formed prior to maximum burial. There could 
be some compaction before that. In addition, the late phase dolomites (Stages D-2 and 
D-3) are well distributed along stylolites (Plate 8.1 (1) D). This evidence suggests that the 
dolomitizing fluid had used the stylolites as conduits prior to precipitation of the stages 
D-2 and D-3 dolomites.   
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 8.5.15 Multiple dissolution events
Unlike the carbonate build-ups in the Central Luconia Province, the primary and 
secondary pores within the onshore carbonates have almost been completely filled with 
extensive calcite, dolomite and quartz cements. Although some evidences of dissolution 
are observed (Plates 8.3 (1) 8.3 (2) and 8.3 (3)), they seem to be associated with more 
recent and late meteoric water dissolution as the build-ups have been exposed for a very 
long time after the uplift. The leached rocks have been completely cemented by late 
meteoric cements. The palaeo-dissolution events were noticed prior to cementation of 
stages C-3 to C-5, D-1 and C-7 calcite cementation. 
8.6 Summary
The sediments in the Subis, Suai and Batu Gading Limestone complexes were 
formed in marine settings at different water depths. Bathymetry has been interpreted to 
have played a major role in influencing the net results of diagenesis. In deeper marine 
facies, diagenetic processes could be easily identified. An early diagenesis in an inactive 
water circulation area was evidenced by the presence of micrite and fibrous/isopachous 
rim cements. In the Subis Limestone, glauconite also occurs in the sediment with 
possibly having a very slow sedimentation rate or agitated conditions. The diagenesis 
was succeeded by a shallow burial into deeper connate water where neomorphism of 
aragonite into microspar and sparite were precipitated in iron-rich reducing pore water 
environment.
In shallow water carbonate facies deposited under an active hydrodynamic regime, 
allochems were micritized and quickly cemented by fibrous or radiaxial fabrous crystals 
in marine realm. During the emergence of the platforms, as evidenced by soil horizons 
and karst features (Chapter 6), the inversion of meteoric water has reduced the marine 
cementation. Syntaxial overgrowth cements would proceed and follow neomorphism 
of skeletal aragonite in the phreatic zone. Precipitation of meniscus/pendant took place 
in the vadose zone. However, the cementation during sea-level fluctuation has often 
overprinted these early cements. Subsequent submergence would have taken the sediments 
into a deeper connate zone where pressure dissolution and stylolite were developed. 
Precipitation of sparry and poikilotopic calcite would commence in chemically different 
pore water as indicated by ferroan nature of these cements. As a consequent, pore spaces 
were occluded with iron-rich calcite cements. The later compaction and fracturing might 
have created pathways for the migration of Mg-rich fluids up-section and precipitation of 
saddle dolomite within fractures and occasionally replaced the ferrous calcite. The final 
stage of calcite precipitation took place in veins. This has more to do with temperature 
of the fluid, and perhaps volume of diagenetic fluids that circulated through the system. 
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This indicates that the fracturing and cementation (including quartz) occurred at the very 
late stage when the rocks were uplifted to a shallower depth. The veins were probably 
generated by the tectonic movement in the Pleistocene as interpreted by Leichti (1960).
On the other hand, micrite and microsparite that consists of equant and amoeboid-
shaped fine calcite crystals are dominant in certain parts of the build-ups. They are 
patchly aggregates and often float within the micrite. The microsparite is dominant in 
the lower part of the Subis, the entire Suai and part of the Upper Unit of the Batu Gading 
Limestone complexes which are dominated by relatively deeper water deposits without 
much indication of meteoric water influence. Patches of micrite are often seen floating 
in microspar. Microspar development is explained through the process of dissolution-
precipitation under the term of neomorphism (Folk, 1974). Microspar developed in places 
where pore waters are fresh and absent in saline water (Longman and Mench, 1978). 
Microspar crystals grow in Mg2+-deficient water involving meteoric water flushing or ion 
adsorption onto clay minerals (Folk, 1974; Longman, 1978) that possibly occur within the 
Suai Limestone, which contains abundance of clay matrix. However, this was possibly not 
the process involving microspar development in the Subis Limestone and other build-ups 
as there is no obvious meteoric water influence and significant amounts of clay minerals 
observed in the micrite. The presence of micrite in microspar and vice versa indicates 
the microspar has evolved from neomorphism of micrite. Neomorphic effects are most 
prominent in pure micrite (Tucker and Wright, 1990) as also seen in the lower section of 
the Subis Limestone. The ferrous nature of the micrite indicates its precipitation within a 
reducing environment during burial stage.
 
 8.6.1 Changing in diagenetic and dolomitizing fluids over geological time
Geochemical results suggest that various stages of cement in different carbonate 
build-ups were originated from different diagenetic fluids and precipitated in different 
diagenetic environments. However, an early fibrous cement is not very well developed 
in onshore carbonates. A change to a more localized fluid was observed as supported 
by the presence of meniscus-pendant crystal morphologies that precipitated within the 
meteoric-phreatic environment, most likely during the emergence of the build-ups. An 
obvious compositional difference within this fluid is a decreased in Na+, Cl-1, Mg2+ and 
Mn2+ concentrations. The isotope composition of both cements suggests an increased 
in precipitation temperatures from stages C-1 to C-2. More negative δ18O isotope 
compositions indicate precipitation from meteoric fluid enriched in lighter oxygen isotope 
or precipitation from shallow burial condition. These evidences suggest that stage C-2 
calcite precipitated from fluids in a phreatic meteoric environment.
An increased in Mg2+ concentration in the fluid has further encouraged the 
formation of early dolomite. Calcian composition of stage D-1 dolomite with the absence 
of Fe2+ and slightly depleted δ18O isotope composition (-2.57 to -3.34 ‰ PDB) suggests 
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that the dolomite precipitation took place at a relatively low temperature. In addition, 
fracturing has a significant impact to the overall palaeo-fluid systems particularly within 
the Subis Limestone complex. The iron-free dolomite (Stage D-2) and the subsequent 
iron-rich dolomite (Stage D-3) were later precipitated within these fractures, veins and 
along stylolites. The stage D-2 dolomite was precipitated from moderately high Fe2+, Ba2+ 
and sulfur concentrations fluid. A depleted δ18O isotope composition of this stage D-2 
dolomite suggests precipitation at higher temperature than the earlier stage D-1 dolomite. 
The stage D-3 iron-rich dolomite was precipitated much later in the sequence.
Another significant change in palaeo-fluid composition was observed in blocky, 
equant to drusy calcite cements (Stages C-3 to C-5). The fluids are composed of medium 
concentration of Fe2+ ion with a slight increase in sulfur content (0.03 wt %) that mostly 
filled up the pores and fractures. Similarly, there has been no substantial change in isotope 
signatures observed across these cements. However, the δ18O isotope signatures become 
more negative (lighter) towards stage C-5, indicating a possible increase in precipitation 
temperatures. Cross cutting relationship between the stages D-1 and D-2 dolomites and 
the subsequent stage C-4 calcite is obvious.  Stage D-2 seems to cross cuts stages D-1 and 
C-4 cements, indicating the stage D-2 dolomite is younger than the stages D-1 and C-4. 
The isotope signatures with further depletion in δ18O values again support the increase in 
precipitation temperatures from the stages C-3 through C-5 cements. 
The subsequent change in palaeo-fluid is represented by iron-rich stage C-6 
calcite cement. The fluid contains high Fe2+, Mg2+ and Mn2+ concentrations and occurs at 
deep burial conditions. The subsequent fracturing event was also noticed during this time, 
followed by a major change in palaeo-fluid systems, from which the stage C-7 cement 
with euheadral crystal morphology was precipitated. This fluid contains moderately low 
Fe2+, medium Ba2+ and a significant drop in the Mg2+concentrations. This fluid is restricted 
to only within the fractures and veins. A complete diagenetic sequence and the detailed 
fluid composition of various stages of cementation in the Subis, Suai and the Upper Unit 
of the Batu Gading Limestones is shown in Tables 8.1, 8.2 and 8.3. 
 8.6.2  Diagenetic sequence, history and model
An integrated approach used in this diagenetic study revealed that the Batu 
Gading, Subis and Suai Limestones in onshore Sarawak have undergone a complex 
diagenetic evolution resulting from repeated micritization, cementation, neomorphism, 
dolomitization, fracturing, dissolution and mineralization. These processes had taken place 
right after deposition until late deep burial stages in different diagenetic environments. 
The diagenesis in these build-ups is generally facies-related particularly within deeper 
marine carbonates where diagenetic processes would determine the final outcome of the 
diagenetic overprints. Several sub-aerial exposures particularly within shallow marine 
facies and the subsequent events, such as fracturing, mineralization and cementation, 
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made the carbonate complexes even more complicated.  
The first diagenetic event is represented by early lithification, stabilization of 
metastable minerals, micritization, and early marine cementation. Dissolution in a 
meteoric environment associated with subaerial exposure during platform emergence 
has created significant porosity development below these subaerial surfaces. The early 
marine or marine-phreatic cement is not very well developed although it has been 
reported earlier by Hussin (1991). However, the subsequent bladed calcite (Stage C-2) 
cement that occurred in a phreatic meteoric environment is quite prominent. As relative 
sea level rose, the diagenetic environment changed from phreatic-meteoric to possible 
mixing-zone, where a minor dolomitization event possibly occurred at relatively low 
precipitation temperatures. The fracturing may have occurred in association with this 
exposure, followed by the development and precipitation of the early non-ferroan matrix 
replacive dolomite (Stage D-1) and later iron-rich dolomite (Stage D-2) within the newly 
created fractures. The remaining spaces within the fractures and veins were later infilled 
by the subsequent drusy and equant calcite (Stages C-3 to C-5) cements. These cements 
are not restricted within the fractures and veins only but it is also observed within the 
remaining solution vugs. This cementation has been interpreted to have been precipitated 
within a phreatic environment and began to occlude the remaining primary and secondary 
pore spaces. Neomorphism and recrystallisation of micrite to microspar and pseudospar, 
where the detailed elemental composition measurement was not performed in this study, 
likely took place in a meteoric environment as well. 
The subsequent fracturing took place prior to precipitation of stage C-6 ferrous 
calcite cement. The euhedral crystal of stage C-6 cement grew within the fractures and 
veins at intermediate to burial conditions. An increased in overburden and compaction 
within each of the build-ups is evidenced by stylolites of different amplitudes. During 
this chemical compaction, another phase of dolomitization has occurred as evidenced 
by the presence of small multiple zonings of iron-rich dolomite (Stage D-3) along the 
stylolites.This suggests that the dolomitizing fluids had also used the stylolites as conduits 
for migration. Other mineralization events, like fluoritization and pyritization, have 
been interpreted to have occurred during a late burial diagenesis. A complete diagenetic 
overprinting in the Batu Gading, Subis and Suai Limestone complexes is given in Fig. 
8.1, while  a complete diagenetic history is summarized in Fig. 8.2.
8.6.3 Implications of diagenesis to reservoir development
Although all the studied carbonate build-ups have experienced a series of 
dissolution that potentially enhanced the porosity, these sediments have also undergone a 
complex diagenesis near the surface to shallow and burial conditions. These limestones 
have been subjected to strong compaction, fracturing and very extensive cementation by 
calcite, dolomite and quartz throughout the burial and overburden period. As a result, the 
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pores in all the studied build-ups have been completely occluded with a very low (<5%) 
porosity rocks. Most of these rocks, regardless of the facies types, have poor reservoir 
quality and low reservoir potential although some gas shows have been reported in the 
area. 
 8.6.4 Comparison with the Central Luconia build-ups
A slight difference in the intensity of diagenetic products is observed within the 
Subis, Suai and Batu Gading Limestones due to differences in depositional facies compared 
to the Central Luconia build-ups (Chapter 9). However, the diagenetic processes, which 
operated in those rocks, are not very much different. Carbonate sediments deposited in 
a deepwater environment were more subjected to marine diagenesis almost immediately 
after deposition. A different in bathymetry and oxygen supply caused a slight difference 
in chemistry of the marine cements. Multiple build-ups emergence and submergence 
relative to sea level fluctuations are evidenced by the development of meteoric and 
phreatic cements as observed in all build-ups. Early meteoric diagenetic products such 
as dissolution, micritization, meteoric cementation and dolomitization are prevalent in 
all build-ups. The morphology of these diagenetic cements is very much the same for 
different build-ups with a slight change in geochemical characteristics. However, the 
effects of meteoric diagenesis in onshore build-ups are not as pervasive as in the Central 
Luconia Province. Although meniscus cement and dissolution are the most common 
characteristics of meteoric diagenesis observed, the early dolomitization is lacking in all 
the onshore build-ups, except stage D-1 dolomite, which is not very extensive. Assuming 
that the fresh-marine water mixing is true, this evidence indicates that subaerial exposure 
of the onshore build-ups was not a major event for dolomitization as it could have enough 
time not allowed dolomitization to take place. This is consistent with the interpretation that 
the onshore build-ups underwent a steady subsidence after deposition. Minor subaerial 
exposure surfaces observed were probably associated with only minor development of 
clays on the reef flat during a high energy event, like storm.
8.7 Conclusions    
The integrated diagenetic study of the Subis, Suai and Upper Unit of the Batu 
Gading Limestone complexes from onshore Sarawak revealed with the following 
conclusions:
(1) Subis, Suai and Upper Unit of the Batu Gading Limestone complexes have 
also undergone a complex diagenetic evolution. The diagenesis involved micritization, 
mechanical and chemical compaction, cementation, dolomitization, dissolution, fracturing 
and mineralization that took place from early near surface to deep burial conditions. 
Generally, the build-ups have undergone seven stages of calcite cementation (C-1 to 
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C-7), three stages of dolomitization (D-1 to D3) and one stage of quartz cementation 
(S-1). However, the presence of very early marine cement is still debatable. These 
diagenetic cements were precipitated at different temperatures and in various diagenetic 
environments. The build-ups have been subjected to at least three major fracturing events 
that took place prior to precipitation of stages C-3 to C-5, D-2/D-3 and S-1 cements. 
The build-ups have also subjected to pyrite and fluorite mineralization and a series of 
meteoric dissolutions. Each stage of cement is characterized by a specific crystal habit, 
cathodoluminescence property, elemental composition and isotopic signature. However, 
similar stage of cement in different build-ups may have shown different elemental and 
isotopic composition due to localized sources of diagenetic fluids. The early near surface 
to shallow burial calcites (up to Stages C-3) and dolomites (Stage D-1) were precipitated 
mainly in phreatic and possibly mixing seawater-freshwater environments at relatively 
low temperature (<50oC). The intermediate to late burial stages of calcite cementation 
(Stages C-4 to C-7) and post-stylolite dolomites (Stages D-2 and D-3) were precipitated 
at higher temperatures. Quartz or silicate cementation (Stage S-1) took place very late in 
the diagenetic history after the last phase of fracturing.
(2) The studied build-ups have experienced a series of dissolution episods but the 
pores have been completely occluded by extensive calcite and dolomite cementation 
and compaction under shallow to intermediate and deep burial conditions in different 
diagenetic environments. Stages C3 to C6 calcite cements have completely occluded the 
pore spaces. As a result, the reservoir properties of the rocks in all the studied build-ups 
become very poor. 
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Chapter 9
Diagenesis and Cementation History of the Central Luconia 
Carbonates in Offshore Sarawak 
9.1 Introduction
Although several diagenetic studies have been conducted (Epting, 1980; Ali, 1993; 
Warrlich et al., 2002; Taberner et al., 2002; Zampetti et al., 2004), the cementation history 
and its lateral extent within the Central Luconia Province are still poorly understood. 
Refined and detailed diagenetic studies are necessary to constrain these uncertainties. 
This chapter aims at establishing a comprehensive cementation history and hypothetical 
diagenetic model, documenting changes in palaeo-diagenetic fluids composition through 
time, and evaluating the potential of late and high temperature fluids that might be 
responsible for pore enhancement within the offshore carbonate reservoirs. The integrated 
diagenetic approach, as described in Chapter 4, was employed using the samples from the 
EK, FM and FW build-ups.
9.2 General diagenetic observation 
 A textural hiatus that can be recognized in the cement sequences is marked by a 
change in crystal habits. The most common early cements are centripetal rims consisting 
of a mosaic of isopachous and bladed calcite (stage Cal-1), followed by overgrowth and 
equant-drusy calcites (stages Cal-2 to Cal-6). Meniscus and pendant fabric cements, as 
defined by Grover and Read (1983) and overgrowth calcite, are well developed on some 
echinoderm fragments. Bladed and overgrowth crystals (stage Cal-2) pre-dated equant, 
pore- and vein-filling cements. Dissolution in vadose, cementations in phreatic and 
dolomitization in probably mixed seawater-freshwater conditions (stages Dol-1 to Dol-3) 
were the most dominant. Deep burial diagenetic products including iron-calcite (stage 
Cal-7), dedolomite (stage Ded-1), minor anhydrite (stage Anh-1) and saddle dolomite 
(stage Dol-4) were also observed beside other minerals such as fluorite.
Several types of dolomite (Plates  9.1 (1), 9.1 (2), 9.1 (3), 9.1 (4) and 9.1 (5) A to D 
through 9.1 (7) A to D) have also been observed. Fabric-selective microdolomite (Dol-1) 
is probably the earliest dolomite that replaced the red algae, whilst the original structure 
of the algae remains. It is later followed by a fabric-destructive dolomites (stages Dol-2 
and Dol-3). A larger saddle-like dolomite (stage Dol-4) is present only within the lower 
section of build-ups. 
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9.3 Crystal Morphology and geochemical characteristics of early- shallow burial 
cements
The attempt to relate crystal morphology to the chemical environment of 
precipitation was made earlier in other areas (Folk, 1974; Dickson et al., 1993). Based 
on crystal morphology and its geochemical characteristic, five calcites (Cal-1 to Cal-5), 
one anhydrite (Anh-1) and two dolomite (Dol-1 and Dol-2) stages of early to shallow to 
intermediate burial diagenetic products were recognized within the studied build-ups.  
 9.3.1 Stage Cal-1 : Isopachous rim calcite cement
 Results : Stage Cal-1 cement is a fine (up to 30 μm) non-ferroan calcite that exists 
as isopachous rims to fine bladed texture (Plates 9.1 (1) A, B, 9.2 (1) and 9.4 (1)) that grew 
at the margins of skeletal grains. It represents the first generation of cement and occurs in 
relatively small quantities but quite widespread. The stage Cal-1 cement is characterized 
by non-luminescent colour (Plate 9.2 (1)). However, the subsequent overgrowth cements, 
as observed on echinoderm fragments, show more sectoral zonings. It starts with non-
luminescent and followed by moderately bright luminescent, dull and bright orange 
luminescent characteristics. Due to its small crystal size, the sampling and measurement 
of elemental and isotopic compositions and fluid inclusion were not possible. 
 Interpretation : It has been widely accepted that isopachous fringe of bladed 
calcite occurs in marine realm and precipitates in modern reef systems (Tucker and Wright, 
1990). They are usually interpreted to be a marine in origin (Flugel, 2004) although the 
chemistry of marine waters may well have varied through time. Non-luminescent colour 
and very low Na2+ concentration suggest possible precipitation from oxidized marine 
fluids. Although geochemical data was not generated due to a very small crystal size and 
its limited occurrence, the crystal habit and the porosity type in which it occurs, suggest 
that the Cal-1 has a marine origin. The distribution of marine cement is controlled by 
the rate of fluid movement through the sediment pore systems, hence it is affected by 
conditions at the site of deposition such as energy levels, sediment properties and rate of 
sedimentation (Moore, 2001). 
 9.3.2 Stage Cal-2 : Bladed and overgrowth to early equant calcite cement
 Results : Stage Cal-2 cement is a non-ferroan calcite with fine (up to 30μm) bladed 
and overgrowth to slightly equant crystal morphology that infilled the intra-particle pores 
(Plates 9.1 (1) A, B, C, 9.2 (6) B, 9.3 (1) B and 9.4 (1)A).  It forms in smaller quantities and 
have been partially dissolved (Plate 9.3 (1)). The overgrowth cement consists of coarsely 
crystalline and inclusion-free calcite occurs around echinoderm spines. This cement is 
characterized by a non-luminescent to dull luminescent feature and bright orange (Plate 
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9.2 (1)) and consists of 53.61 (CaO), 0.42 (MgO), 0.02 (Na2O), 0.01 (SiO2), 0.05 (SO3), 
0.01 (CO), 0.02 (MnO), 0.02 (FeO), and 0.07 (SrO) weight % concentrations (Table 9.1). 
The Fe2+ and Mn2+ concentrations are significantly very low (0.1% or less). This cement 
displays the average δ18O and δ13C isotope values of -4.98 ‰ PDB and -0.62 ‰ PDB, 
respectively (Table 9.1 and Fig. 9.7).
 Interpretation : Overgrowth cement consists of large iron-free crystalline calcite 
that occurs around echinoderm fragments due to the large crystal nucleus, strong c-axis 
control and ample pore space available during its formation. In some instances, it looks 
like equant calcite. The overgrowth cement characterizes meteoric diagenetic environment 
although it may also form in deep burial setting (Longman, 1980; Tucker, 1990). The non-
ferroan nature may suggest precipitation in early near surface meteoric origin. Similarly, 
equant-like calcite could be formed in very different diagenetic environments such as 
phreatic, meteoric or burial (Flugel, 2004). As seawater δ18O values for early-middle 
Miocene times were about 2 ‰ (Billups and Schrag, 2002), the more negative δ18O 
values of the Cal-2 calcite cement may indicate precipitation from either fluids enriched 
in lighter oxygen isotope (meteoric fluids) or at higher temperature (burial fluids). Equant 
and isopachous bladed cements with low Na+ and Mg2+ were also interpreted to have 
precipitated in fresh phreatic environment at low temperature (Scoffin, 1987).
 9.3.3 Stage Cal-3 : Dirty equant to drusy pore-filling calcite cement
 Results : Stage Cal-3 cements are represented by a non-ferrous, medium to 
coarse-grained (up to 2 mm) calcite that mainly filled-up the intra-particle pore spaces 
(Plates  9.1 (1), 9.1 (2), 9.1 (3), 9.2 (1), 9.2 (2), 9.2 (3), 9.2 (4), 9.2 (6), 9.3 (1) C, D, 9.3 
(2) A and 9.4 (1) C) and shows a dirty appearance relative to the subsequent cements. 
Crystal size and its clarity increase towards the centre of pore. This cement is abundant 
in most samples, occasionally replaced by euhedral dolomite and often shows corrosion 
morphology (Plates 9.3 (1) D and 9.4 (1) C) as evidenced by embayment and micro-hole 
morphologies (Plates 9.3 (1) C, D;  and 9.4 (1) B, C). The Cal-3 cement is characterized 
by complex cathodoluminescent zonings with at least three main sub-stages (Cal-31 to 
Cal-33). The first sub-stage is differentiated by a non-luminescent or very dull colour 
(Figs. 9.2 (1) B1; 9.2 (2) A1 and B1; 9.2 (3) A1 and B1), while the second and third 
sub-stages (Cal-32 and Cal-33) are very narrow and display dull and moderately bright 
luminescent properties, respectively (Plates 9.2 (2) A1, 9.2 (3) A1 and B1). The Cal-31 
was found in wells EK-2, EK-3 and FW-2, while the sub-stages Cal-32 and Cal-33 were 
found only in well FM-2. This observation could be either biased by the limited number of 
samples that were investigated or represents a real trend with implications for diagenetic 
fluid flow directions. The stage Cal-3 cement is composed of 55.89 (CaO), 0.43 (MgO), 
0.02 (Na2O), 0.05 (SiO2), 0.02 (SO3 ), 0.01 (CO), 0.03 (MnO), 0.01 (FeO) and 0.04 (SrO) 
weight % concentrations (Table 9.1). This stage of cement shows a very wide distribution 
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of δ13C values. Sub-stage Cal-31 shows the δ
13C isotope values of -0.54 ‰ to -1.3 ‰ PDB, 
while the most depleted δ13C values are represented by sub-stages Cal-32 to Cal-33 (-16.6 
‰ to -18.27 ‰ PDB). The δ18O values are less spread within the range of – 4.98 ‰ and 
– 7.35 ‰ PDB (Table 9.2). 
The stage Cal-3 cement contains mostly primary two-phase inclusions (liquid and 
vapour) with some all-liquid inclusions (Plates 9.5 (1) A to D). The liquid/vapour ratio of 
the two-phase inclusions is moderately consistent (Plate 9.5 (1) A). All-liquid inclusions 
found in sub-stage Cal-31 cement are not paired with two-phase inclusions. Fluid inclusion 
homogenization temperatures (Th) within the Cal-3 cement are distributed within a big 
range (65o-70º to 100o-105º C) with an average temperature of 80o to 85º C (Plate 9.5 (3); 
Fig. 9.2). The measurements of melting temperature (Tm ice) in all-liquid inclusions were 
not possible as the attemps to generate bubbles at low temperatures were not successful.
Interpretation : Equant to drusy calcite crystal habit is not diagnostic for any 
specific diagenetic environment as it may occur in both phreatic meteoric and burial 
settings (Flugel, 2004). However, the evidence of stylolites post-dated the drusy calcite 
(stage Cal-3) clearly indicate that the stage Cal-3 cement did not form in deep burial 
conditions. This is consistent with the CL patterns that point to precipitating fluids with 
Eh shifting from oxidized (sub-stage Cal-31) to slightly reduced (sub-stages Cal-32-3) 
environments. The isotope signature of substage Cal-31 is indicative of both meteoric and 
burial environments (Moore, 2001). However, different luminescent patterns suggest that 
sub-stage Cal-31 formed in a meteoric oxidizing environment. As the δ
13C shifts towards 
the negative values in sub-stages Cal-32-3, this could be interpreted either as a trend that 
mimics the meteoric (Lohmann, 1988), or may be considered as due to an episodic input 
of fluids concurrent with methane generation. The very low δ13C values (< -20 ‰ PDB) 
are more consistent with fluids related to methane generation rather than meteoric fluids 
containing soil CO2 (Moore, 2001). However, this interpretation is rather speculative as 
some of the low depleted δ13C may also represent sedimentary organic material or soil 
with non-equilibrium oxidation (Hudson, 1977).
The two-phase and all-liquid inclusion assemblages which are not paired (Plate 
9.6 (1)) suggest their formation at low temperatures (<50 ºC) and have suffered partial 
thermal re-equilibration during burial (Goldstein and Reynolds, 1994). A wide range of 
homogenization temperature is consistent with such an interpretation (Goldstein and 
Reynolds, 1994). Based on the above evidence, the stage Cal-3 calcite is interpreted to 
have precipitated in the phreatic meteoric environment, whereas sub-stages Cal-32 to Cal-
33 formed at very shallow burial depths where precipitation from methane-bearing fluids 
or soil with non-equilibrium oxidation occurred. The precipitation temperatures are still 
low (< 50 ºC) as suggested by fluid inclusion data. 
332 Chapter 9 -Diagenesis and Cementation History of the
Central Luconia Carbonates 
 9.3.4 Stage Cal-4 : Clean equant to drusy calcite cement
 Results : Stage Cal-4 cement is represented by a clean drusy calcite that was 
subsequently developed within the solution pores after Cal-3 cement (Plates 9.1 (1) C; 
9.1 (2) A, B; 9.1 (3) A, D). The size ranges between tens of micron to several mm and 
has also been affected by severe dissolution as evidenced by its corroded surface.  The 
Cal-4 cement is characterized by a relatively complex cathodoluminescent pattern with 
at least three main sub-stages (Cal-41 to Cal-43). The earliest sub-stage Cal-41 has a non-
luminescent properties, while the second and third sub-stages (Cal-42 and Cal-43) show 
dull and moderately bright orange luminescent properties (Plates 9.2 (2) A1, B1; 9.2 (3) 
A1 and B1). The overall stage Cal-4 cement is composed of 55.85 (CaO), 0.45 (MgO), 
0.01 (Na2O), 0.04 (SiO2), 0.03 (SO3 ), 0.01 (CO), 0.02 (MnO), 0.02 (FeO) and 0.06 (SrO) 
weight % concentrations (Table 9.1). This cement also contains a very wide distribution 
of δ13C values (-3.62 ‰ to -25.86 ‰ PDB). The most depleted δ13C values (–22.08 ‰ to 
-25.86 ‰ PDB) are represented by sub-stage Cal-41, while sub-stages Cal-42 and Cal-43 
have the isotope values range between –3.62 ‰ and -4.36 ‰ PDB. The δ18O values range 
within a small band between -7.35 ‰ and –7.81 ‰ PDB (Table 9.1; Fig. 9.3).
The Cal-4 cement contains mostly primary two-phase (liquid and vapour) 
inclusions with some all-liquid inclusions (Plates 9.5 (1) A to D). The liquid/vapour ratio 
of the two-phase inclusions is moderately consistent (Plate 9.5 (1) A). These inclusions 
are primary in nature and trapped during the crystal growth (Plate 9.5 (1) C). All-liquid 
inclusions were found in sub-stage Cal-41 cement and did not show any fluorescence 
under UV light. Homogenization temperature (Th) measurements within this stage Cal-
4 cement (Plate 9.5 (1)) are distributed within a wide range of temperature between 
65o-70º to 100o-105º C. The average homogenization temperature is 80 to 85ºC, similar 
to the inclusions in Cal-3 cement. Measurement of Tm ice in all-liquid inclusions was not 
possible due to a failure to generated bubbles by stretching them at low temperatures. 
Interpretation : As stylolites seem to post-date the equant to drusy calcites (Cal-
4), it suggests that these cements did not form in deep burial conditions. This is consistent 
with the CL pattern that point to precipitating fluids shifting from oxidized (sub-stage 
Cal-41) to slightly reduced (sub-stages Cal-42-3) environments. Isotope signature of Cal-
41 is indicative of both meteoric and burial environments (Moore, 2001). However, the 
different luminescent patterns suggest that sub-stage Cal-41 cement was formed in a 
meteoric oxidizing environment. The depleted δ13C in Cal-41 (-25.86 ‰) also suggests 
the fluids related to methane generation rather than meteoric fluids containing soil CO2 
(Moore, 2001). Some of the low depleted δ13C may also represent sedimentary organic 
material or soil with non-equilibrium oxidation (Hudson, 1977). Both two-phase and all-
liquid inclusion assemblages, which are not paired, were interpreted to have formed at 
low temperatures and have also suffered partial thermal re-equilibration during burial 
(Goldstein and Reynolds, 1994). Wide range of measured homogenization temperature 
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(Th) is consistent with such an interpretation (Goldstein and Reynolds, 1994). Based 
on the above evidences, the drusy calcite (stage Cal-4) was also interpreted to have 
precipitated still at low temperatures (<50 oC) at shallow burial depths. 
 9.3.5 Stage Dol-1 : Fabric- preserving microdolomite
 Results : Stage Dol-1 dolomite is represented by a very fine, euhedral to 
subhedral replacement fabric-preserving microdolomite. With the size of < 10 μm, the 
Dol-1 exclusively replaced selected allochems but the internal structure of the allochems 
remains well preserved (Plates 9.1 (1) B; 9.1 (2) C; 9.1 (7) B). This stage Dol-1 
microdolomite is quite significant in most samples and partially corroded as evidenced 
by corrosive and rounded crystal texture (Plates 9.1 (1) B; 9.1 (2) C; 9.1 (7) B). The stage 
Dol-1 microdolomite is characterized by non-luminescent to bright luminescent feature 
(Plates 9.2 (1) B1; 9.2 (4) B1) and composed of 33.52 (CaO), 19.89 (MgO), 0.04 (Na2O), 
0.03 (SiO2), 0.02 (SO3), 0.02 (CO), 0.01 (MnO), 0.01 (FeO) and 0.09 (SrO) weight % 
concentrations (Table 9.1). The stage Dol-1 dolomite shows a narrow band of δ18O (-1.11 
‰ PDB) and δ13C (-1.01 ‰ PDB) isotope values (Table 9.1 and Fig. 9.3). 
 Interpretation : The non-luminescent feature may represent the original dolomite 
pattern, while the bright luminescent colour is probably resulted by recrystallization 
during precipitation of dolomite cement. The δ18O (-1.11 ‰ PDB) and δ13C (- 1.01 ‰ 
PDB) isotope values suggest the intermediate isotope signatures for fabric selective 
dolomite is commonly associated with low-temperature dolomitizing fluids as described 
by Machel (2005). The precipitation was interpreted to be slow within a relatively closed 
system, leading to relatively high Sr2+ and Ca2+ concentrations as reported by Scoffin 
(1987). Based on cement texture, CL pattern, and isotope signatures, the Dol-1 dolomite 
is interpreted to have formed at slow precipitation rates in low temperature conditions, 
possibly in a mixing-zone environment. The Dol-1 might have undergone recrystallization 
during dolomitization. 
 9.3.6 Stage Dol-2 : Fabric-destructive sucrosic dolomite
 Results : Stage Dol-2 is represented by subhedral to euhedral non-ferroan dolomite 
rhombs (Plate 9.3 (2) C), with crystal size ranging from 30 to 100 μm (Plates 9.1 (1) B,D; 
9.1 (2) C,D; 9.1 (3) A to D; 9.1 (5) A to C; 9.1 (5) A to D; 9.1 (6) A to D; 9.2 (4) B; 9.2 
(6) A; 9.2 (7) B). The stage Dol-2 dolomite acts as a major constituent in dolostone and 
limestone that replaced the matrix, grains and earlier cements. It is partially corroded 
due to dissolution (Plates 9.4 (1) D; 9.4 (2) A to D). This stage Dol-2 dolomite displays 
concentric compositional pattern with alternation of non-luminescent to dull and bright 
luminescent characteristics. The youngest zone shows bright luminescent colour. The 
stage Dol-2 dolomite is also distributed along stylolites and most widely spread over the 
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studied build-ups. The stage Dol-2 dolomite is composed of 32.72 (CaO), 18.35 (MgO), 
0.03 (Na2O), 0.04 (SiO2), 0.04 (SO3), 0.01 (CO), 0.01 (MnO), 0.03 (FeO) and 0.05 (SrO) 
weight % concentrations (Table 9.1).
The stable isotope signature does not show any specific trend as the δ18O and δ13C 
values are distributed over a wide range with the average values of -2.02 ‰ PDB for 
δ18O and -2.01 ‰ PDB for δ13C (Table 9.1 and Fig. 9.3). The size of fluid inclusions in 
the Dol-2 is relatively very small (< 5 mm). Both, all-liquid and two-phase inclusions are 
present (Plates 9.5 (2) C and D). The inclusions are primary in nature and do not fluoresce 
under UV-fluorescent light. Homogenization and melting temperatures (Th and Tm ice) 
measurements of the Dol-2 dolomite were not possible as the crystal and inclusion sizes 
are too small (<5 μm) to be measured.  
Interpretation : Fabric-destructive dolomitization occurs with high fluid flow 
rates and larger–scale dissolution of the precursor calcium carbonate that allows the 
dolomite to grow into the most energetically suitable forms, commonly a sucrosic texture 
(Scoffin, 1987). The elemental analysis result (Table 9.1) shows that the stage Dol-2 is a 
non-stoikiometric calcian dolomite. The δ18O and δ13C isotope values of -2.02 ‰ PDB 
and -2.01 ‰ PDB (Table 9.1 and Fig. 9.3) may suggest precipitation at low temperature 
(<50 oC) as supported by all-liquid type inclusions. If so, more positive δ18O values would 
match the fluid inclusion data. The negative δ13C value could reflect a near-surface carbon 
source deriving from bacterial degradation of organic matter incorporated in muddy 
sediments. Low temperature dolomitization models invoke the possibility of dolomitizing 
fluids from either seawater, mixing of seawater-fresh water or brines (reflux and sabkha 
models) in an evaporitic environment (Machel, 2005). The δ18O value of -2.02 ‰ PDB 
does not reflect seawater input, therefore, dolomitization by seawater can be ruled out. 
Since Southeast Asia had experienced an equatorial-subtropical humid climate during 
most of the Neogene (Frakes, 1979), the mixing-zone dolomitization is most likely the 
case although this model is debatable as no recent dolomite exists to demonstrate this 
model. Based on the above data, supported by a detailed core description, it is interpreted 
that the early dolomitization occurred in two stages at relatively low temperatures (< 
50oC), most likely during the emergence of the build-ups.  
9.4 Morphology and geochemical characteristics of deep-late burial cements
Two stages of dolomite (Dol-3 and Dol-4), one calcite (stage Cal-5), one iron-
calcite (stage Cal-6), one dedolomite (stage Ded-1) and one fluorite (stage Flu-1) cements 
were identified to represent the intermediate to deeper burial diagenesis within the studied 
build-ups. 
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 9.4.1 Stage Dol-3 : Fabric-destructive dolomite
 Results : Stage Dol-3 is represented by a non-ferrous, euhedral to subhedral 
rhomb dolomite, that occasionally shows overgrowth texture with large crystal size up 
to 300 μm. It fills the secondary solution (Plates 9.1 (1) D; 9.1 (2) A; 9.1 (3) B, D; 9.1 
(4) B to D; 9.1 (6) A to C; 9.1 (7) B, D; 9.1 (8) B; 9.2 (5) B; 9.2 (6) A, B; 9.2 (7) A, 
B) and intercrystaline pores that initially created by the earlier stage Dol-2 dolomite. In 
dolostone, it grows as an overgrowth dolomite crystal and fills up the remaining pores in 
between the earlier sucrosic stage Dol-2 dolomite crystals that substantially reduced the 
porosity (Plate 9.2 (7) B). The stage Dol-3 dolomite has also been severely affected by 
dissolution as evidenced by its corrosive morphology. 
The stage Dol-3 dolomite is characterized by a uniformly and moderately dull 
orange to reddish luminescent (Plates 9.2 (6) A1, B1: 9.2 (7) A1 and B1) and was found in 
all studied wells. This dolomite is composed of 33.01 (CaO), 19.98 (MgO), 0.02 (Na2O), 
0.09 (SiO2), 0.02 (SO3), 0.01 (CO), 0.02 (MnO), 0.07 (FeO) and 0.06 (SrO) weight % 
concentrations (Table 9.1). This stage Dol-3 dolomite displays a narrow distribution of 
δ13C (average of -1.03 ‰ PDB) and δ18O (average of -6.01 ‰ PDB) isotope signatures 
(Table 9.1 and Fig. 9.3). The stage Dol-3 dolomite also contains two-phase primary 
aqueous inclusions with homogenization temperature (Th) of 115-120º to 125-130º C 
(Fig. 9.2) and melting temperatures (Tm ice) of -2.6 to - 3.3 ºC, which corresponds to a 
salinity of 4.34 to 5.41weight % NaCl equivalent.
Interpretation : The stage Dol-3 dolomite has the δ13C and δ18O average isotope 
values  of -1.03 ‰ PDB and -6.01 ‰ PDB, respectively (Table. 9.1 and Fig. 9.3). These 
values are commonly found in burial environments (Moore, 2001). Higher 87Sr/86Sr 
ratio than the coeval seawater value supports the precipitation from deep basinal fluids 
(Moore, 2001). These data clearly indicate that the stage Dol-3 dolomite precipitated in 
deep burial depth at higher temperature (125-130º C) (Fig. 9.2). This is further supported 
by the presence of saddle-like dolomite (curved crystal faces with sweeping extinction) 
which was found in older Cycle III sequence of the FM and at the base of EK build-
ups. Abundant corrosion morphologies indicate that late burial corrosive fluid circulated 
within the reservoirs. Knowing that the fluid inclusion was measured on samples from 
well EK-3 that has a borehole temperature of 87ºC, this temperature is significantly lower 
than the minimum temperature of entrapment of the inclusions. This leads to the following 
two possibilities. (1) During burial, temperatures were higher and then decreased due to 
possible uplift; which is not likely the case for these build-ups, and (2) Dolomitizing fluids 
were hotter than the formation fluids and came from deeper intervals. Since uplift did not 
occur in the area during such a period, the significant temperature difference between the 
dolomitizing fluids (115-130ºC) and the present day temperature of the surrounding strata 
(< 87 ºC) suggests that the dolomite cement can be classified as hydrothermal (White, 
1957; Machel, 2005). This is supported by the presence of barite and gypsum within the 
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samples as evidenced by the XRD results (Fig. 9.1). The hydrothermal fluid could have 
used faults and fractures as migrating conduits (Machel, 2005).
 9.4.2 Stage Ded-1 : Dedolomite cement
 Results : Dedolomite is a diagenetic replacement of dolomite by calcite (Flugel, 
2004). The stage Ded-1 dedolomite is characterized by euhedral to subhedral crystals of 
formally dolomite that was later replaced by calcite (Plates 9.1 (4) B; 9.1 (5) D; 9.2 (5) 
A). Although this sucrosic crystal morphology and size are similar to the earlier stage 
Dol-3 dolomite, the stage Ded-1 replacement dedolomite can be easily differentiated by 
its pinkish stain with Alizarine Red-S, while dolomites are completely unstained. The 
stage Ded-1 cement is characterized by a dull luminescent colour (Plate 9.2 (5) A1) and 
composed of 54.03 (CaO), 0.13 (MgO), 0.01 (Na2O), 0.01 (SiO2), 0.02 (SO3), 0.01 (CO,), 
0.01 (MnO,), 0.03 (FeO) and 0 (SrO) weight % concentrations (Table 9.2). The stage Ded-
1 dedolomite cement has the δ13C values of -0.89 ‰ to -0.92 ‰ PDB and δ18O values 
of -8.34 ‰ to -8.42 ‰ PDB (Table 9.1 and Fig. 9.3). Secondary two-phase inclusions 
filled with hydrocarbons were found in the Ded-1 cement (Plates 9.5 (3) A to D). These 
inclusions are characterized by a light yellow fluorescent colour under the UV-fluorescent 
light (Plates 9.5 (3) B and D).
Interpretation : The stage Ded-1 dedolomite occurrence in pores with relics 
of dolomite crystals suggests that the dolomite was the precursor for the dedolomite 
that was altered to calcite. The dedolomitization occurs when the fresh groundwater 
is introduced to lower down the Mg/Ca ratio due to Mg depletion as a result of high-
Mg calcite and dolomite formation (Scoffin, 1987). Here the dolomite might have been 
replaced by calcite where the fresh water can hydrate some of the diagenetic anhydrite 
back to gypsum (Scoffin, 1987). The stage Ded-1 dedolomite has not much different in 
composition compared to other calcites. The δ18O isotope value of -8.4 ‰ PDB is the 
most negative amongst all diagenetic products, while δ13C average value is -0.91 ‰ PDB 
(Table 9.1 and Fig. 9.3). These isotope signatures may be indicative of a deep burial 
environment (Moore, 2001). The stage Ded-1 dedolomite was interpreted to have formed 
during a late burial following the stage Dol-3 precipitation. Burial dedolomitisation has 
been associated with calcium sulphate solutions (Flugel, 2004) although only minor relics 
of anhydrite and gypsum were detected by XRD analysis in the EK and FW build-ups. 
The fluid inclusion results indicate that qualitative relationships between fluorescent 
colours and °API gravity suggest an oil density of 25°API (Goldstein and Reynolds, 
1994). The homogenization temperature of the oil inclusions ranges between 105 and 130 
ºC that represents an underestimate of the minimum temperature of entrapment (Emery 
and Robinson, 1993). Therefore, the hydrocarbon inclusions could have been trapped 
within the stage Ded-1 dedolomite cement at temperatures higher than 130 ºC.
337Chapter 9 -Diagenesis and Cementation History of the
Central Luconia Carbonates 
 9.4.3 Stage Dol-4 : Saddle dolomite cement
 Results : Saddle-like dolomite observed in Central Luconia is not the same 
as ‘baroque dolomite’ as described in literature. It is differentiated by it larger size as 
compared to sucrosic dolomites. This stage Dol-4 dolomite is characterized by larger 
subhedral to anhedral dolomite crystals that show tight interlocking texture (Plates 9.1 
(4) A; 9.1 (6) B). This Stage Dol-4 dolomite occurs within the older stratigraphic position 
(Cycle III) of the FM and the lower part of the EK build-ups at depths deeper than 6800 
ft (2098.1 m). The rocks, where this Dol-4 occurs, have relatively very low porosity 
and permeability. The stage Dol-4 dolomite shows moderately dull to bright luminescent 
properties and it is composed of 32.42 (CaO), 17.45 (MgO), 0.03 (Na2O), 0.04 (SiO2), 0 
(SO3), 0.01 (CO), 0.09 (MnO), 0.11 (FeO) and 0 (SrO) weight % concentrations (Table 
9.1). It has the average δ13C isotope value of -6.29 ‰ PDB and the δ18O isotope value of 
-9.41 ‰ PDB (Table 9.1). 
 Interpretation : Dolomitization and dolomite cement can occur in deep burial 
conditions where interstitial brines can have salinities from 0.1‰ to 200‰ (Scoffin, 1987). 
The burial dolomite precipitates in a late stage, possibly from the remobilisation of earlier 
dolomite. This late stage dolomite is commonly ferrous in composition. Hydrothermal 
dolomite usually shows a sufficient temperature fractionation in its oxygen isotopic 
composition to be distinguished from other dolomites (Scoffin, 1987). The isotope data 
suggests that the stage Dol-4 saddle dolomite precipitated at high temperature (around 
130oC) during a burial stage. It was supported by its occurrence within the older and 
deep er sequences. The stage Dol-4 dolomite is completely absence within the younger 
sections.
The source of Mg2+ for burial dolomitization could be from compacted shale as 
a mixture of clastic sediment occurs within certain intervals within the FM build-up. 
In other build-ups, it could also derive from the Mg2+ contained in Mg-calcite within 
the skeletal grains and sub-sea cements which are abundant on fore reef slope (Scoffin, 
1987).
 9.4.4 Stage Anh-1 : Anhydrite cement
 Results : An unidentified mineral (probably anhydrite) has been observed in some 
samples. This mineral has been also identified earlier by (Ali, 1993). This possible anhydrite 
(Anh-1) was observed at the lower part of the EK and FW cores. It is characterized by 
a lath-shape texture with high birefringence (Plates 9.1 (4) C, D). It is unstained with 
Alizarine Red-S. However, no detailed elemental and isotope analyses were conducted as 
its presence is very scarce and limited. The anhydrite seems to be present in association 
with large euhedral fluorite crystals within the dolomitized interval (Plates 9.1 (4) C and 
D). The XRD results also show the presence of barite and gypsum within the interval 
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(Fig. 9.1). 
Interpretation : Evaporitic minerals, like anhydrite (CaSO4), are normally formed 
in arid and semi-arid areas. However, its first occurrence in EK and FW build-ups is rather 
difficult to explain since no evaporite deposits have been reported so far in the area. 
Its present coincides with the major dolomite interval several meters below a sequence 
boundary. The anhydrite found in FW and EK fields was probably precipitated earlier as 
gypsum, as evidenced from XRD analysis results (Fig. 9.1), due to an increased in salt 
concentration in surface water which could have led toward precipitation of evaporitic 
minerals in a restricted environment. It was later transformed into anhydrite. Alternatively, 
the abundance of large euhedral fluorite crystals in association with this anhydrite and 
dolomite may suggest anhydrite precipitation and replacement from a slightly higher 
temperature fluid, probably hydrothermal, during the burial stage as supported by the 
presence of high temperature saddle dolomites. The anhydrite texture and its occurrence 
suggest that the replacement of calcite by anhydrite at deep burial conditions rather than 
contemporaneous dehydration of gypsum during the build-ups emergence in a very saline 
environment during the humid and dry seasons in the middle Miocene (Savin et al., 1985).
 9.4.5 Stage Cal-5 : Blocky vein-filling and poikilitopic calcite cement
Results : Stage Cal-5 is represented by large blocky, vein-filling and poikilotopic 
calcite cement with twin lamellae (Plates 9.1 (2) and 9.1 (4)). This cement is stained 
pinkist and widely spread particularly within the lower section of the wells. In many cases, 
the poikilotopic calcite cement occurs as a final filling of fractures or enlarged pores. This 
cement is characterized by non-ferroan and non-luminescent properties (Plates 9.1 (2) 
and 9.1 (4)) due to very low Mn and Fe contents (Table 9.1). This stage of cement is 
composed of 53.54 (CaO), 0.65 (MgO), 0.02 (Na2O), 0.01 (SiO2), 0 (SO3), 0.01 (CO), 0 
(MnO), 0.03 (FeO) and 0 (SrO) weight % concentrations (Table 9.2). This cement has the 
average δ13C isotope values of -1.51 to -4.38 ‰ PDB and δ18O values of -7.81 to -9.01 ‰ 
PDB (Table 9.1).
 Interpretation : The fracture-filling and poikilotopic calcite is characteristic 
of cement formed in subsurface environment that may have resulted from a very low 
nucleation rate of calcite and slow growth (Scholle and Halley, 1985). The poikilotopic 
calcite has postdated most of calcites and dolomites. This suggests that it precipitation 
occurred very late in deep burial conditions. However, the non-ferroan and non-
luminescent features does not seem to support this suggestion due to lack of Fe and Mn in 
the precipitating fluid. As the clay minerals, a potential source for Fe2+, is absent within the 
carbonate interval, this could explain the non-ferrous nature of the late stage poikilotopic 
calcite cement.  
 Stable isotope data also support the interpretation that the cement has been 
precipitated under burial conditions. The δ13C value is very close to the middle Miocene 
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marine water carbon value of 0.5 to 1.0 ‰ PDB (Savin et al., 1981). The most depleted 
δ18O isotope value (-9.01 ‰ PDB) suggests that the stage Cal-5 calcite precipitation 
might have taken place from formation water at elevated temperature. Assuming that the 
poikilotopic cements were formed at present burial temperature, then their associated 
fluid composition would probably be in the range of 2.0 to 2.5 ‰ SMOW based on 
calculation of Craig (1965). Petrographic evidence indicates that the poikilotopic calcite 
postdated meteoric dissolution, cementation and dolomitization. Therefore, it would be 
reasonable to say that the fluid responsible for these cements could have been a mixture 
of meteoric and sea water with -1 to -2 ‰ composition.
 9.4.6 Stage Cal-6 : Late ferroan calcite cement
 Results : Stage Cal-6 is represented by iron-rich, vein- and pore-filling (Plate 
9.1 (7) A) or replacement calcite that was formed during the later phase of diagenesis. 
This cement is stained pale mauve or light purple, widely spread in the older carbonate 
unit within the lower sequence of the build-ups. It presents in relatively small quantities. 
Minor occurrence of iron calcite cement is also observed in samples from the EK, FM 
and FW build-ups. Late iron-rich bridging calcite (Plate 9.1 (7) B) is also present. This 
late stage iron-rich calcite cement is characterized by moderately dull to non-luminescent 
properties. It contains 52.31 (CaO), 0.57 (MgO), 0.01 (Na2O), 0.01 (SiO2), 0.02 (SO3), 
0.02 (CO), 0.03 (MnO), 0.56 (FeO), 0.01 (SrO) and 0 (Cl-) weight % concentrations 
(Table 9.1). This cement has the δ13C isotope value of +0.31 ‰ PDB and δ18O value of 
-11.75 ‰ PDB.
 Interpretation : Calcite that originated either by neomorphism of earlier 
carbonates or passive precipitation in reducing environment may contain small quantity 
of ferrous ions. Cements that were precipitated in oxidising environments retain their 
non-ferroan character through diagenesis, eventhough Fe2+ may later have been available 
(Scoffin, 1987). This cement may have undergone substitution of Fe2+ for Mg2+ to form 
ferroan calcite. The stage Cal-6 calcite cement was interpreted to have precipitated at 
slightly higher temperature (80-100 oC) during a deep burial stage, as suggested by a very 
light δ18O isotope signature (-11.75 ‰ PDB). In contrast, bridging ferroan calcite cement 
was interpreted to have formed in phreatic environment.
 9.4.7 Other late stage diagenetic cements and minerals
 Results : Pyrite (stage Pyr-1), fluorite (stage Flu-1) and kaolinite (stage Kao-1) 
are the late phase minerals observed in the samples. The presence of pyrite (Plate 9.1 (7) 
D) is quite well spread within the carbonate intervals, particularly at the lower section. 
This pyrite contains a wide range of sulfur isotope ratio (δ34S, -3.6 ‰ to -17.7 ‰). Beside 
pyrite, large euhedral fluorite crystal (Plates 9.1 (4) C, D) is also present as a replacement 
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for the late poikilotopic calcite at depths below 6652.3ft (2053.1 m) in EK-2 and below 
7000 ft (2159.8 m) in FM wells. However, no other detailed analyses conducted on this 
replacement fluorite cement. 
 Interpretation : Pyrite, kaolinite and fluorite are common in many carbonates. 
The occurrence of pyrite with δ34S isotope signature of -3.6 ‰ to -17.7 ‰ strongly 
indicates a reduced environment. The pyrite forms by bacterial reduction of pore water 
sulphates and trapped interstitial sea water could form only approximately 0.3% pyrite 
sulphur by the utilisation of all its sulphur (Scoffin, 1987).
 Kaolinite is not a common mineral in carbonates (Tucker and Wright, 1990) 
but its presence may have significant impact to diagenetic history. As the FM build-
up has the influx of siliciclastic sediments, kaolinite formation is therefore expected. 
Kaolinite precipitation may occur very early in the near surface environment as kaolinite 
precipitation requires acid pore waters with low K+ concentration (Garrels and Christ, 
1965) and produced only by flushing of sediment by fresh water (Tucker, 1991). 
Alternatively, kaolinite precipitation could have taken place during the emergence of the 
build-ups where the periodic meteoric and sea-water water influxes to form porosities, 
dolomite and kaolinite.
 9.4.8  Multiple stage of dissolution
 A series of dissolution that took place during the early shallow to intermediate and 
deeper burial stages of diagenesis were observed in thin sections and SEM/BSEM (Plates 
9.3 (1) A, B, C and D). The earliest phase involved the dissolution of aragonitic skeletal 
fragments that possibly occurred in meteoric vadose environment to form micrite. Major 
dissolution possibly took place during the emergence of the platform when the carbonates 
were directly exposed to fresh water leaching. During this period, most of the allochems 
were completely or partially dissolved regardless of facies types. The rocks  closer to 
subaerial exposure surfaces were severely altered to mouldic and vuggy limestones. 
Some of the earlier cements were also partially corroded. These major dissolutions made 
the diagenesis and rock properties even more complicated. The effects of dissolution are 
obvious below the 3rd and 4th orders sequence boundaries (see Chapter 7 for details). SEM 
and BSEM observations indicate that the dissolution and corrosion are very prominent 
in many samples as evidenced by dissolved allochems and embayment of micro-hole 
texture. Corrosion effects were also observed due to burial diagenesis as evidenced by 
corrosion of various types of earlier cements.  
 Mouldic, vuggy, solution-enlarged and intercrystalline pores are the most dominant 
secondary pore types resulted by the dissolution. At least three generations of secondary 
porosity development due to dissolution were identified. The first phase occurred in 
probably association with subaerial exposure during the build-ups emergence (Epting, 
1980; Ali and Abolins, 1999; Vahrekamp et al., 2004). The second generation involved 
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partial dissolution of calcite cements and dolomites that postdates the calcite cementation 
(stages Cal-3/4) and was likely associated with the main burial dolomitization (stage Dol-3) 
stage. Geochemical model shows that dolomitizing fluids can maintain undersaturation 
with respect to calcium carbonate (Qing Sun, 1992; Morrow, 2001). The third generation 
of dissolution is characterized by a solution enlarged intracrystalline porosity in dolostone. 
This pore type is indicative of dissolution after dolomitization. The same observation 
was also made by Scholle and Ulmer-Scholle (2003). Dolomites are clearly leached out 
by this phase of dissolution, suggesting that late circulation of fluids under-saturated 
with respect to dolomite. It is likely that solution-enlarged intercrystalline porosity and 
dolomite leaching were produced by the same fluid. This dissolution postdated the stages 
Dol-2 and Dol-3 dolomites.  
9.5 Continuous diagenetic processes
 Mechanical and chemical compaction is a continuous process that strongly affected 
the carbonate build-ups.
 9.5.1 Continued mechanical and chemical compaction 
 Mechanical and chemical compactions have severely affected the the studied 
limestones. Although compaction is a continuous process that took place immediately 
after sedimentation, it is more prominent during a burial stage. Mechanical compaction 
is evidenced by brittle of elongated bioclasts (Plate 9.1 (8) D), while the chemical 
compaction is marked by sutured grain to grain contacts (Plate 9.1 (8) C), solution seams 
and stylolites of multiple amplitudes (Plate 9.1 (8) C). Stylolites that cut across the drusy 
calcite (Cal-3) indicate that the stage Cal-3 calcite cement was formed prior to chemical 
compaction. The presence of dolomites (stages Dol-3 and Dol-4), which are distributed 
along stylolites (Plate 9.1 (8) C), suggests that the dolomitisation fluids used stylolites as 
migration pathways and precipitated after chemical compaction. 
9.6 Discussion
 9.6.1 Diagenetic overprinting and interpretation
 The FM, FW and EK build-ups have been strongly affected by diagenesis. An 
integrated analysis results show mixture of diagenetic features that were formed at near 
surface to shallow and burial conditions. Many samples exhibit features suggesting 
possible repeated exposures to meteoric vadose and phreatic environments prior to 
intermediate burial. Karst features suggest prolonged exposures to meteoric diagenesis. 
During the early lithification of sediments, infiltration of micrite into coral 
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framework and allochem pores is the earliest process that took place in marine realm. 
It was probably contemporaneous with the establishment of micrite envelope. Most of 
these carbonates were composed of metastable aragonite and Mg-calcite prior to a change 
into more stable calcite at the early stage of diagenesis under surface-related physico-
chemical conditions (Epting, 1980). Selective dissolution of mineralogical metastable 
bioclasts occurred prior to development of the first cement. However, the dissolution style 
of skeletal grains was dependent on the original fossil structure, mineralogy and distance 
from meteoric waters. Echinoderms (originally high-Mg calcite) show different degree 
of resistant to dissolution compared to other bioclasts with low-Mg calcite composition. 
Coralline algae made up of high-Mg calcite would stabilize themselves easily. During the 
first episode of dissolution, most aragonitic allochems would only leave behind micrite 
envelopes outlining their moulds. Dark appearance of micrite envelope was probably 
due to insoluble residues left from the decay of the endolithic algae. Minor early marine 
cementation is evidenced by isopachous fibrous cement (stage Cal-1) that lining the 
chambers and outer surface of selected allochems (Plate 9.1 (1) A). Lithification and 
mechanical compaction have started early when the sediments were still within the marine 
phreatic realm as evidenced by closely packed grains without intergranular cements. This 
compaction continued during the intermediate burial stage, although their effects may be 
overshadowed by pervasive cementation and the onset of chemical compaction. The early 
effect of chemical compaction is evidenced from sutured grain to grain contacts. 
The meteoric and phreatic diagenetic environments were interpreted to have 
commenced when the carbonate tops were subaerially exposed during relative sea-
level drops. In the studied build-ups, several events were interpreted to have occurred 
during the first episode of exposure where allochems were subjected to chalkification and 
early dissolution to form moulds and vugs. The pores remained open until subsequent 
cementation events. The source of carbonate cement was initially provided by the earlier 
dissolution of allochems. Pendant or meniscus cements, the indicator for meteoric 
vadose environment (Dunham, 1971; Moore, 1989), are consistently present outside the 
echinoderm spines and better developed below the 3rd and 4th order sequence boundaries. 
Longer exposure to the meteoric vadose environment might generate thicker and more 
continuous pendant cements. 
The limestone below the water table was subjected to phreatic diagenesis. 
Percolating water with Ca2+ from dissolution of aragonitic allochems in vadose zone 
promotes cementation in underlying phreatic zone as evidenced by pore-lining bladed, 
cloudy and equant calcite spars (Plates 9.1 (1) A; 9.1 (2) B). The bladed calcite (stage Cal-
2) appears to pre-date the equant spar (stage Cal-3) which often fills the remaining pore 
space and subsequently exhibit drusy texture. Besides moulds, vugs, and grain fractures, 
the primary intergranular pores might also be occluded by these cements (Plate 9.1 (1) B). 
More than one phases of equant spar (Schlager and James, 1978; Given and Wilkinson, 
1985) have been observed. The younger cement is always coarser and cleaner (Plate 9.1 
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(8) C) than the older one.
Stabilization of the remaining aragonitic and Mg-calcitic constituents to a more 
stable low Mg-calcite might occur simultaneously with phreatic cementation. Some 
aragonitic isopachous cements look similar like bladed equant spars (Schlager and 
James, 1978; Given and Wilkinson, 1985). Coral skeletons, which had escaped from 
meteoric dissolution, were replaced by equant calcite, with relicts of the acicular texture. 
Neomorphism commonly leads to coarser calcite cement as evidenced by pseudo-spar or 
microspar. Chemical compaction is also significant under intermediate stage of diagenesis. 
Its early signs include sutured grain contacts, solution seams and low-amplitude stylolites 
(Plate 9.1 (8) C). Continued mechanical and chemical compaction during burial would 
produce higher amplitude stylolites (Plate 9.1 (8) D). However, the carbonates were also 
exposed to possible mixing zone prior to deep burial diagenesis.
Four stages of dolomitization have generally been observed (Dol-1 to Dol-4). 
The first dolomite (stage Dol-1) is a fabric preserving replacement of micritic matrix and 
selective allochems (red algae) to microdolomite with crystal sizes rarely exceeding 30 
microns (Plates 9.1 (5) A; 9.1 (2) C). The isotopic signature of this dolomite may indicate 
precipitation related to mixing water zone at relatively low temperature. Advanced stage of 
this dolomite replacement contributed to the formation of stage Dol-2 dolomite by different 
dolomitizing fluids would lead to a widespread sucrosic dolomite. The resultant dolomite 
would exhibit tight non-planar texture (Plate 9.1 (5) B), according to the classification by 
Sibley and Greg (1987). In coral-bearing limestones, the micritic-microspars were often 
replaced by this microcrystalline cloudy dolomite. The subsequent dolomite is marked by 
coarser and cleaner overgrowth dolomite (stage Dol-3). This dolomite shows quite porous 
planar texture (Plate 9.1 (5) C). Porous sucrosic dolomite exhibits the best reservoir rock 
in these carbonates. This porous texture could require porous precursor rocks that could be 
obtained through another episode of meteoric diagenesis to dissolve and further chalkify 
the remaining allochem constituents. The subsequent ‘saddle’-like dolomite (stage Dol-4) 
mostly occluded the remaining pore spaces.
During repeated or prolonged subaerial exposure, root penetrations are expected in 
the uppermost layer of the exposed build-ups. The presence of dark nodules trapped in 
fissures below major sequence boundaries and reddish terra rossa clays (Plate 9.1 (6) D) 
provides the evidence for palaeosol. It is further supported by the occurrence of filling 
vugs. Soil forming processes generate thin caliche layers below the sequence boundaries. 
The caliche is locally present with root tubules of various sizes (<1 mm). The root 
moulds might remain open, geopetally filled by vadose silt, lined with bladed calcite 
or subsequent drusy equant calcite cements. Calcareous “rings’ (Plate 9.1 (6) C) have 
also been interpreted to represent root tubules. The presence of anhydrite cement (stage 
Anh-1, Plate 9.1 (3) C) might associate with subaerial exposure that might occur during a 
relatively hot season, similar to evaporitic conditions in sabkha setting. As the anhydrite 
is rarely occurred as nodular but always in association with large euhedral fluorite crystals 
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(Plates 9.1 (4) C and D), this anhydrite precipitation might be related to high temperature 
conditions, possibly due to hydrothermal fluids, as supported by the presence of high 
temperature saddle dolomite (stage Dol-4) that occurred in deep burial conditions.
Most of the vadose diagenetic processes occurring in the first episode of subaerial 
exposure would be repeated in subsequent emergence. However, the host rock is no longer 
“fresh” carbonates, but has been altered to different lithologies. Chalkification of Mg-
calcite allochems is believed to have occurred during this second or prolonged subaerial 
exposure. Dissolution of foraminifera would generate more moulds in the affected 
limestone. Mg2+ released from the dissolution would promote further dolomitization. 
Dissolution also generate porous sucrosic dolomite from relatively porous and heavily 
dolomitized chalky limestone. Prolonged or repeated subaerial exposure of this rock, 
probably in the mixing zone environment, would result in more severe dolomitization. 
The relatively porous host rock would allow many of the dolomite crystals to precipitate 
into euhedral or planar rhombs. Subsequent exposure of this heavily dolomitized porous 
rock to possibly freshwater environment would lead to dissolution of the remaining 
calcitic constituents and result in very porous planar sucrosic dolomite (Plate 9.1 (5) C). 
The accumulation of dolomitic vadose silt at the bottom of vugs is the diagenetic evidence 
observed in vadose environment. Calcite needles and bridges in vugs, as observed in 
dolostone, are also believed to be the products of freshwater diagenesis.
Neomorphism is expected to resume in the freshwater phreatic zone and may 
result in dense sparry texture. Dedolomitization is another process interpreted to occur 
during this time in dolomitized rocks exposed to freshwater saturated with calcite from 
dissolution of remaining allochems in the vadose zone. Dedolomite (Ded-1) retains the 
original texture of its precursor dolomite, but exhibits pinkish stain, indicating its calcitic 
composition (Plate 9.1 (4) B). 
Karstification is expected to occur during prolonged subaerial exposures. It involved 
dissolution, brecciation, fracturing, cementation and root penetration to form wider and 
longer fractures and fissures. Fissures enlargement by continued dissolution would form 
karst cavities or cave openings. The fissures, root tubules and karst cavities would be 
filled by vadose silt and cave sediments. The cave openings would also be cemented 
by layered travertine calcite and multiple-phased scalenohedral calcite (Plate 9.1 (8) A). 
Karstification often generates macroscopic features, more readily seen in cores than in 
thin sections. 
Burial diagenesis is more evident in the lower part of the build-up. Continued 
chemical compaction produced moderate- to high-amplitude stylolites (Plate 9.1 (8) 
C), fractures, cementation of large pores by coarse equant calcite, and replacement by 
clear and larger planar dolomite (Plates 9.1 (5) B and C). These dolomites (stages Dol-
2 and Dol-3) are commonly larger and may engulf into earlier cloudy dolomite as an 
overgrowth. Dissolution of earlier cloudy dolomite and calcite spar (Plate 9.1 (2) A) along 
stylolites (Plate. 9.1 (8) C) are common. Basinal fluids containing carbonic and sulfuric 
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acids released from organic matter maturation could be responsible for this late dissolution 
event. Other burial diagenetic products observed include localised cementation by coarse 
poikilotopic calcite (Plates 9.1 (4) C and D; 9.1 (8) B) and kaolinite. Poikilotopic calcite 
spar was also observed in dolomitic intervals, indicating the poikilotopic cementation 
occurred after late dissolution of dolomite. Pore-filling kaolinite was also observed in 
some FM-2 samples, forming after late dolomites (stages Dol-3 and Dol-4). Kaolinite 
also occasionally filled vuggy and intercrystalline pores in sucrosic dolomite and vuggy 
pores in limestone. Pyrite and selective replacement of poikilotopic calcite by fluorite 
(Plates 9.1 (4) C and D) are also present. Pyrite occurs as replacement rather than as 
cement (Plate 9.1 (7) D) and seems to form after late dolomite. Fluorite replacement of 
poikilotopic calcite spar was observed in many samples at lower intervals. Replacement 
of non-ferrroan calcite spar by ferroan calcite (Plate 9.1 (7) A) and transformation of 
dolomite (stage Dol-3) to saddle dolomite (stage Dol-4) (Fig. 9.1 (4) A) only occur in 
samples deeper than 6800 ft (2098.8 m), suggesting precipitation at deeper burial depths 
and at high temperatures. Calcite bridges across a channel pore had transformed to 
ferroan calcite as shown by pale mauve stain (Plate 9.1 (7) B). This ferrous calcite also 
replaced neomorphosed micritic matrix and spars in argillaceous limestone below the 
main carbonate succession in EK-2 well. 
Generally, the EK, FM and FW limestone successions have experienced changes in 
diagenetic environments. Superimposition of these diagenetic environments has produced 
complex diagenetic products as one can see now. The changes in diagenetic environments 
are believed to be driven by sea-level fluctuation at various amplitudes and durations. The 
comparison between the EK, FM and FW build-ups is given in Table 9.2. 
9.7 Changing in palaeo-diagenetic fluids through time
 9.7.1 Overall changes in palaeo-diagenetic fluid systems 
 As described earlier, various stages of calcite and dolomite were precipitated from 
different diagenetic fluids in different diagenetic environments. The earliest stage Cal-1 
calcite cement that exhibits isopachous to bladed rims morphology was interpreted to have 
precipitated from the marine fluid within the closed system. This fluid contains high Na2+ 
and Cl- concentrations due to contribution from the marine sea water. As hydro-geological 
and diagenetic environment changed, the fluid also changed to subsequently form iron-
free bladed to equant calcite (stage Cal-2). This fluid is composed of slightly higher Sr 2+ 
(0.7 wt %) and S 2+, (0.03 wt %) concentrations with the average values of -4.98 ‰ PDB 
for δ18O and -0.62 ‰ PDB for δ13C (Table 9.1). Precipitation might occur from meteoric 
fluid enriched in lighter oxygen isotope in phreatic meteoric environment.  
 Further changes in palaeo-fluid composition are evidenced by the precipitation 
of iron-free equant to drusy calcite with dirty appearance (stage Cal-3). This fluid has 
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changed it composition quite regularly as evidenced by complex zonation patterns and 
change in isotope composition from sub-stages Cal-31 to Cal-32-3. This change was from 
oxidizing to reducing environments due to the effects of methane generation. The fluid 
also contains a low concentration of marine origin ions like Na2+ and Cl-. Depletion in δ13C 
composition in the subsequent sub-stage Cal-41 reflects precipitation in phreatic meteoric 
environment at temperature < 50oC.
 A major change in palaeo-fluid composition is further evidenced by the formation 
of early fabric-selective dolomite (stage Dol-1). This fluid contains high Ca2+ and is 
composed of δ18O (-1.11 ‰ PDB) and δ13C (-1.01 ‰ PDB), probably associated with 
mixing of marine and fresh waters at low temperature. A change in dolomitizing fluid 
composition is evidenced in the subsequent fabric-destructive dolomite (stage Dol-2). This 
stage Dol-2 fluid is composed of high Ca2+ concentration (non-stoikiometric) with a slight 
variation in elemental compositions as suggested by multiple compositional zonings. This 
fluid has the average values of -2.01 ‰ PDB for δ13C and -2.02 ‰ PDB for δ18O isotope 
signatures. This fluid precipitated at low temperature due to a mixing of marine and fresh 
water that possibly related to subaerial exposure. The subsequent dolomitizing fluid (stage 
Dol-3) is composed of -1.01 ‰ PDB of δ13C and -6.01 ‰ PDB of δ18O isotope signatures. 
Although, there is no drastic change in elemental composition compared to the earlier 
stage Dol-2 fluid, the stage Dol-3 dolomite was precipitated at much higher temperature 
(85 to 110oC) and deeper burial conditions. It is further supported by the presence of 
saddle dolomite (stage Dol-4) and high temperature minerals like barite.
 The change in fluid compositions from dolomitic- to calcitic-fluids had caused 
the replacement to take place. Calcite replaced the earlier stage Dol-2/3 dolomite to form 
dedolomite (stage Ded-1). The fluid is composed of heavier and consistently narrow range 
of δ13C isotope values (-0.89 to -0.92 ‰ PDB) and more depleted δ18O values (-8.34 to 
-8.42 ‰ PDB), suggesting precipitation at much higher temperatures (115-130oC). The 
diagenetic fluids then changed into more ferroan, as seen in stages Cal-5 and Cal-6 calcite 
cements due to replacement of Mg2+ with Fe2+. 
Pyritzation, fluoritization and anhydritization might took place at deep burial 
conditions and at higher temperatures. Large euhedral fluorite (stage Flu-1) and saddle 
dolomite (stage Dol-4) crystals with minor occurrence of anhydrite may indicate their 
precipitation at deeper depths and high temperatures. These might associate with deep 
seated hydrothermal fluids that used faults as migration pathways. 
 
 9.7.2 Changes in palaeo-dolomitizing fluids through time
 Four generations of dolomitizing fluids were recognized. The first fluid is evidenced 
by the presence of fine fabric-selective microdolomite (stage Dol-1). It is characterized 
by -1.01 ‰ PDB of δ18O and -1.11 ‰ PDB of δ13C isotope values (Table 9.1). This stage 
Dol-1 microdolomite has been interpreted to have formed at low temperature, possibly in 
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a mixing-zone environment, as suggested by the isotopic signatures.  
The second dolomitizing fluid is marked by a fabric-destructive non-ferroan 
dolomite (stage Dol-2), characterized by fine to medium planar sucrosic dolomite. This 
fluid is the most prominent, as suggested by its extensive occurrence. The concentric 
compositional zonings indicate a slight change in elemental compositions within the 
fluids through time. Different thickness and multiple compositional zonations suggest 
precipitation from different dolomitizing fluids. Elements associated with seawater 
fluids, such as Sr, Na, and Cl, are present in very low concentrations (Table 9.1), thus 
suggesting that pure marine fluids were not really involved in this dolomitizing fluid. The 
δ13C isotope signature of -2.01 ‰ PDB (Table 9.1 and Fig. 9.3), the δ18O isotope value of 
-2.01 ‰ PDB and all-liquid inclusions may suggest low precipitation temperature from 
the fluids derived from mixing of seawater-fresh water rather than the evaporitic fluids. 
The negative δ13C isotope values could reflect a near-surface carbon source deriving from 
bacterial degradation of organic matter.
The third generation of dolomitizing fluid is shown by the presence of non-ferroan 
overdolomite (stage Dol-3). This fluid is composed of moderately narrow distribution 
of δ18O (-5.29 ‰ to -6.03 ‰ PDB) and δ13C (0.64 ‰ to -3.65 ‰ PDB) isotope values 
(Table 9.1 and Fig. 9.3). Homogenization temperature (Th) of this Dol-3 ranges between 
115o-120ºC and 125o-130o, while the melting temperature (Tm ice) ranges from -2.6
o to 
-3.3ºC, corresponding to a salinity of 4.34 to 5.41% weight NaCl equivalent. The data 
clearly indicate that the stage Dol-3 dolomitizing fluid precipitated at relatively deeper 
burial conditions, as supported by the presence of saddle dolomite (stage Dol-4), and high 
temperature minerals like barite (Fig. 9.1). 
 9.7.3 Dating of dolomitization events
 Strontium isotope results of selected dolomites show that the early fabric 
destructive replacement dolomite (stage Dol-2) has 87Sr/86Sr value of 0.708859, while the 
later fabric destructive dolomite (stage Dol-3) has a ratio of 0.708935. These values are 
significantly higher than the middle Miocene seawater strontium ratios (Flakes, 1985), 
suggesting the dolomitization involved non-marine diagenetic fluids possibly within the 
mixing zone environment and/or at burial conditions. If corrected to seawater during the 
Miocene, these 87Sr/86Sr ratios may correspond to dolomitization that took place during 
sea-level falls in Turtonian for stage Dol-2 and Messinian for stage Dol-3 dolomites.
9.8 Diagenetic history and model
 This diagenetic study revealed that the middle to late Miocene carbonates in 
the Central Luconia Province have undergone a complex diagenetic evolution. This 
diagenesis involved calcite cementation and replacement, dolomitization, mineralization 
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and dissolution that had occurred from early post-deposition to late deep burial conditions. 
These events occured in different diagenetic environments. 
The first diagenetic event is represented by lithification, stabilization of metastable 
minerals, early marine cementation and micritization during phreatic environment.
Dissolution in a meteoric environment associated with the subaerial exposure during 
build-ups emergence has created significant porosity development below the subaerial 
exposure surfaces. This dissolution formed the first generation of secondary solution 
porosity. The subsequent cementations (stages Cal-2 and Cal-3) took place in the phreatic 
meteoric environment that began to occlude the existing primary and secondary porosity. 
Neomorphism and recrystallization of micrite to microspar and pseudospar likely took 
place in the meteoric environment as well. As relative sea level arose, the diagenetic 
environment changed from phreatic-meteoric to mixing-zone. Here, a minor dolomitization 
event possibly occur and produce both fabric preserving (stage Dol-1) and destructive 
replacement dolomites (stage Dol-2) at relatively low precipitation temperatures. 
The next diagenetic phase involved an extensive calcite cementation (drusy 
calcite zones of Cal-32-Cal-33 and subsequently Cal-41 - Cal-43) at shallow burial 
depths and low temperatures (<50ºC). This cementation, together with mechanical 
and chemical compaction, severely destroyed porosity. The main dolomitization event 
occurred after chemical compaction. New porosity, such as secondary solution and 
intercrystalline porosity, was created during dolomitization. This pore was partially 
occluded the subsequent stages Dol-2 and Dol-3 dolomites that in part altered to calcite 
(dedolomitisation), likely due to circulation of calcium sulphate enriched fluids. The last 
events are represented by the third pulse of dissolution which is believed to have occurred 
by possible high temperature fluids as evidenced by high homogenization temperature 
of some of the primary inclusions. This dissolution phase leached both the replacement 
dolomite and the dolomite cement. Fluorite cementation, pyritization and kaolinite were 
also present to represent late burial diagenesis. At deeper depth, a late ferroan-calcite 
cement (stage Cal-6) and subsequently saddle dolomite (stage Dol-4) were formed during 
a deep burial diagenesis. All these events took place prior to hydrocarbon migration into 
the reservoirs. The differences is diagenetic features within various build-ups are shown 
in Table 9.2. The most likely diagenetic model for the Central Luconia carbonates is 
shown in Figs. 9.4 and 9.5. The diagenetic sequence of the studied platforms is given in 
Fig. 9.6. 
 9.8.1 Controls on diagenetic environments and diagenesis
 During a transgression and a relative sea level highstand, the entire carbonate 
build-up is flooded by marine water. The uppermost layer of the carbonate sediments 
would be subjected to marine phreatic diagenetic processes (Scoffin, 1987; Moore, 
2001). Following a rapid relative sea-level fall, the build-up top and upper flank would 
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be subaerially exposed. For sufficiently long relative sea-level lowstand stillstand, a 
meteoric lens is expected to develop in the carbonate island and with time the meteoric 
vadose, meteoric phreatic and mixing zones would be established. Carbonate sediments 
or rocks within the various diagenetic zones would be subjected to the different diagenetic 
processes. In the meteoric vadose zone, the sediments would be subjected to meteoric 
vadose processes (chalkification and dissolution), while in the meteoric phreatic and 
vadose zones, the rock would be subjected to cementation, neomorphism and chemical 
compaction. Dolomitization might occur in the mixing zone below the freshwater lens, 
although this model is subject to controversy due to the absence of dolomite examples in 
modern environment. 
If the sea level stayed long enough at one level during subsequent flooding, the 
three diagenetic zones would be shifted upward. The upper part of the previous vadose 
zone would be subjected to further meteoric vadose modifications. The lower part of 
the former vadose zone would now be under meteoric phreatic conditions. Moulds and 
vugs generated during previous meteoric vadose environment would now be cemented. 
The mixing zone is now within part of the previous phreatic zone, and dolomitization 
may continue into this zone, depending on sediment thickness and drops of sea-level. 
Following a major flooding event, the entire platform would be submerged again. The 
newly deposited carbonate sediments would be subjected to marine phreatic diagenetic 
processes. If carbonate production is high with rapid sedimentation, the previous vadose 
zone with its open pores would be quickly buried by the sediments. If this porous zone 
is not subjected to meteoric phreatic conditions during subsequent sea-level fall, much 
the open pores will be preserved in the carbonate succession. However, if the subsequent 
sea-level fall is of much higher magnitude, surpassing the previous lowstand level, a 
much thicker vadose zone would develop. The newly deposited strata, the previous 
meteoric vadose and phreatic zones and part of the mixing zone would now be under 
meteoric vadose conditions. If this major lowstand conditions prevailed for sufficiently 
long period of time, the carbonate platform would be subjected to karst processes. If the 
mixing zone was well established for substantially long time, wholesale dolomitization of 
the carbonates within this zone might occur. 
These scenarios are repeated following subsequent rise in relative sea-level. 
The meteoric lens migrates upward following the sea-level rise. Consequently, the three 
diagenetic zones also migrate upward, and cease to exist when the entire platform is 
flooded. From the various scenarios, it is apparent that the changes of diagenetic regimes 
observed in the EK, FM and FW build-ups were driven by fluctuations in relative sea 
level. Relative sea-level changes of various amplitudes and durations also are believed to 
generate a hierarchical sequence development observed within the carbonate successions. 
The possible alternative model that illustrates the influence of sea-level fluctuation on 
development of early phase of diagenetic products is given in Fig. 9.4. However, the 
presence of minor anhydrite relics in FW and EK cores, together with large euhedral 
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fluorite crystals and saddle dolomite, suggest precipitation in deep burial conditions 
related to possibly hydrothermal origin (Moore, 1989). 
 9.8.2 Effects of diagenesis on reservoir development
 Some considerations on the links between facies, diagenesis and reservoir quality 
can be addressed. The best porosity and permeability occur in the dolostones which are 
characterized by abundant open secondary solution porosity and good pore connectivity. 
This facies represents a lagoonal facies originally known to be tight. Such dolomitization 
and accompanying porosity creation occurred in an intermediate burial environment. This 
contrasts with the grain-supported limestones in which secondary solution porosity that 
formed early in a meteoric environment is mostly occluded with calcite cements. This 
implies that the macroporosity created by repeated sub-aerial exposure was destroyed 
earlier-on during the burial history. The precursor limestone texture of the dolostone is 
mostly mud-supported. As the grain-supported textures are least dolomitized, it seems 
that the facies also controlled the dolomitization. Grain-supported limestone shows the 
most abundant early calcite cementation. This implies that pores were mostly occluded at 
the time of dolomitization. It is therefore possible that dolomitizing fluids preferentially 
circulated in mud-supported facies (back-reef lagoonal facies) in which porosity was not 
destroyed by early cementation. If this was the case, the apparent facies control would be 
driven by early diagenesis. As two dolomitization events took place in a burial environment, 
other controlling factors should be the presence of pathways for fluid migration such as 
fractures and faults. Ascertaining the distribution of dolomite relative to the main fault 
systems could help confirm such a relationship.
9.9 Conclusions
The integrated diagenetic study of selected carbonate build-ups from the Central 
Luconia Province revealed with the following conclusions:
•	 The present day reservoir properties and quality were controlled by both diagenesis 
and depositional facies. The early and late diagenesis is the primary control for 
reservoir properties enhancement and destruction. However, the late diagenesis 
involving dolomitization, dissolution/corrosion and late calcite and dolomite 
cementation plays a bigger role. This late diagenesis was controlled by the (1) 
original depositional facies, (2) original sediment texture, and (3) early meteoric 
diagenesis. Late diagenetic fluid flow was constrained by porous and non-porous 
layers formed during deposition and early diagenesis. 
•	 The studied build-ups have undergone a complex diagenetic evolution comprising 
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of cementation, dolomitization, compaction and dissolution events that had 
occurred from early post-deposition to late deep burial diagenesis. The build-ups 
have experienced six stages of calcite cementation (Cal-1 to Cal-6), four stages 
of dolomitization (Dol-1 to Dol-4) and one stage of dedolomitization (Ded-1) 
that precipitated from different diagenetic fluids. Other minor late burial events 
include fluorite replacement, anhydritization, pyritization and kaolinite bridging. 
Each stage of diagenetic event took place in different diagenetic environments.
•	 Each stage of calcite, dolomite and dedolomite cementation and replacement 
is characterized by different crystal morphology, elemental composition, 
cathodoluminescent characteristics, and isotopic signatures indicating 
precipitation in different diaganetic environments and temperatures. The early 
surface to shallow burial calcite (stages Cal-1 to Cal-4) and dolomite (stages 
Dol-1 and Dol-2) were precipitated mainly in phreatic and possible mixing water 
environments at relatively low temperature (<50oC). The late calcites (stages 
Cal-5-Cal-6), dolomites (stage Dol-3 and Dol-4) and dedolomite (stage Ded-1) 
precipitated at higher temperatures (85 to 130oC). Late dolomites (stages Dol-3 
and Dol-4) precipitated from dolomitizing fluids that were possibly associated 
with hydrothermal conditions at 130oC or more. The presence of minor anhydrite 
in association with large euhedral fluorite crystals and saddle dolomite indicates 
precipitation at high temperature together with hydrothermal fluids at deep burial 
conditions. 
•	 The studied build-ups also experienced three major dissolution events that 
improved the overall reservoir properties. (1) The first dissolution associated with 
the subaerial exposure during the build-up emergence. (2) The second dissolution 
occurred after the main dolomitization and stylolitization, and (3) The third episode 
of dissolution involved hydrothermal related corrosive fluids that occurred after 
dolomitization prior to hydrocarbon migration. 
•	 The major porosity enhancement took place during the emergence of the build-
ups and early dolomitization. Further enhancement on reservoir quality was 
later contributed by hydrothermal corrosive fluids precipitated at relatively high 
temperatures (130oC or more). This fluid possibly migrated upwards from deep 
seated areas below the build-ups. It used faults as migration conduits.   
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 p
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at
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 c
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 c
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 d
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 c
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 c
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itu
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 p
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 b
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 d
ur
in
g 
th
e 
flu
id
s 
m
ig
ra
tio
n.
 (D
) A
n 
ex
am
pl
e 
of
 te
rr
a 
ro
ss
a 
te
xt
ur
e.
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 b
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ou
ld
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 p
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t c
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 c
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en
ts
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ge
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m
en
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 c
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si
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n 
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 d
iff
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-
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es
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e 
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op
er
tie
s.
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m
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gr
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w
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an
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ite
 c
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en
ts
 (s
ta
ge
s C
al
-3
 a
nd
 C
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-4
) 
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d 
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 p
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e 
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y 
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tio
n 
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si
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 f
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ed
 w
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 d
ru
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 c
al
ci
te
 c
em
en
ts
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st
ag
es
 C
al
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 a
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 C
al
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). 
Th
e 
C
al
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 c
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 C
al
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 b
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 c
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oa
n 
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y 
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 c
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en
t (
C
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-3
 w
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 d
irt
y 
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an
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 a
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 C
al
-4
 w
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le
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 a
pp
ea
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nc
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 c
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e 
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ts
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 c
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2 
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 P
ho
to
m
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ro
gr
ap
hs
 s
ho
w
 th
e 
no
n-
fe
rr
oa
n 
dr
us
y 
ca
lc
ite
 c
em
en
t (
C
al
-3
) 
th
at
 f
ill
s 
up
 a
 m
od
if
ie
d 
m
ou
ld
ic
 
po
re
 s
pa
ce
. T
he
 f
ir
st
 z
on
e 
is
 n
on
 l
um
in
es
ce
nc
e 
(C
al
-3
);
 t
he
 s
ec
on
d 
zo
ne
 i
s 
du
ll 
lu
m
in
es
ce
nc
e 
(C
al
-4
) 
an
d 
th
e 
th
ir
d 
zo
ne
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 m
od
er
at
el
y 
br
ig
ht
 lu
m
in
es
ce
nc
e 
(C
al
-4
2)
. S
ca
tte
re
d 
cr
ys
ta
ls
 o
f e
uh
ed
ra
l r
ep
la
ce
m
en
t d
ol
om
ite
 (s
ta
ge
s 
D
ol
-2
/3
) c
le
ar
ly
 p
os
td
at
e 
th
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 c
al
ci
te
 c
em
en
t. 
T
he
 d
ol
om
ite
 s
ho
w
s 
a 
co
nc
en
tr
ic
 z
on
at
io
n 
pa
tte
rn
 w
ith
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 n
on
-l
um
in
es
ce
nc
e 
nu
cl
eu
s 
ov
er
gr
ew
 b
y 
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du
ll 
lu
m
i-
ne
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en
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e,
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 f
ol
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ut
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 b
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ho
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m
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gr
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ho
w
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ar
y 
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tio
n 
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re
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h
ic
h
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d 
w
ith
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-f
er
ro
an
 d
ru
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 c
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ag
e 
C
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-3
/4
).
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 c
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m
in
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e 
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ew
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m
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m
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at
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B
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 c
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st
ag
es
 C
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f c
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 c
em
en
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 c
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ge
 D
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 d
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 c
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 d
ol
om
ite
 in
 re
d 
al
ga
e 
is
 c
ha
ra
ct
er
iz
ed
 b
y 
du
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 d
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 c
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e 
po
re
. (
B
) F
ab
ric
-s
el
ec
tiv
e 
do
lo
m
ite
 (s
ta
ge
 D
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 d
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r c
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l c
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 d
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Preliminary hypothesis
Late diagenetic uids (dolomitization, corrosion and late calcite cementation
Fig. 9.5 The possible mechanism for dolomitization in EK, FM and FW wells. The porosity-permeability 
trend as shown in right corner is based on actual data from FW-2 and FW-3 wells. (2) Possible mechanism 
for late diagenetic evolution that cause clolomitization, corrosion and late calcite cementation
Depositional layering controlled the distribution of late diagenetic fluids
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Chapter 10
New Insight and Learning Points
10.1 Challenges in characterization of carbonates in South East Asia
 
 Oligocene-Miocene equatorial carbonates are extensively developed throughout 
South East Asia, where they form very prolific hydrocarbon reservoirs. Contrary to 
many other ancient systems, most animals and plants that existed in the Neogene are 
still alive today, allowing more constraints on palaeoecological reconstruction of 
depositional environments. However, most Oligocene-Miocene carbonates in the past 
have been analysed using a coral-dominated ‘Caribbean-type’ platform model. Many 
authors have reviewed the range of facies associations, depositional geometries and 
stratigraphic architecture of platforms in the region and have used modern analogues for 
their interpretation. However, most publications dealing with subsurface data still present 
simple depositional models and environment interpretation for most Oligocene-Miocene 
carbonates. In addition, it is widely recognised that there is strong tectonic control on the 
development of productive Neogene platforms in South East Asia (e.g. M. Yamin Ali, 
1999; Wilson and Hall, 2010).
 The Oligocene-Miocene period was characterised by a warmer climate compared 
to the cooler conditions of the Pliestocene, with significant implications for carbonate 
deposition. Some of the equatorial seaways were also changing rapidly, including some 
that were in the process of being closed, which dramatically changed both ocean circulation 
and climatic conditions. Oligocene-Miocene equatorial carbonates are commonly 
dominated by red algae, benthic foraminifera, various types of coral and green algae. 
Compared with the Cenozoic, the isolated carbonate platform are commonly small (a few 
tens of kilometers in extent) and are more common in South East Asia, whereas ramps 
and attached shelves are more prominent in Central Asia and Mediterranean regions. 
10.2 New insights into Cenozoic carbonates in SE Asia
 This integrated study of isolated carbonates in the Sarawak Basin provides a 
new insight into the overall understanding of carbonates, both within the basin and in 
SE Asia as a whole. The regional factors that control the carbonate development and 
distribution, growth pattern, and diagenesis of these buildups give an excellent platform 
for understanding the relationship between the basin setting and the overall carbonate 
prospectivity for hydrocarbons exploration and development. 
 Some of the main new findings from this study are as follows: (1) synthesis of regional 
geological factors that control the development and distribution of carbonates, based on an 
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integration of regional seismic sections, structural maps and palaeooceanographic data;, 
(2) a new depositional model explaining the growth of conical and flat-top carbonate 
buildups from the North Luconia Province; (3) revised palaeogeographic maps of the 
Sarawak Basin from early Oligocene to Recent, with a more accurate representation of 
the distribution of carbonate build-ups; (4)  palaeoenvironmental analysis of the Suai, 
Subis and Batu Gading (Melinau) limestone complexes, including new insight on their 
facies types, sedimentary sequences and depositional models;  (5) a new depositional 
model of carbonate buildups in Central Luconia Province that integrates facies and high-
order (up to 6th order) sequence stratigraphic analysis based on cores, well logs and 
seismic interpretation, and (6) an integrated diagenetic synthesis, including paragenetic 
cementation models, for onshore and offshore carbonate buildups from the Sarawak 
Basin. 
 More precise factors that controlled the development and distribution of carbonates 
in the Sarawak Basin have been established by bringing more regional seismic sections on 
board together with the compilation of published and unpublished works. The compilation 
of palaeooceanography and palaeowind directions during the Miocene relative to the 
most recent one, makes the controlling factors even more complete. The newly developed 
seismic-based carbonate growth model in the North Luconia Province is capable in 
explaining the roles of basement topography and its response to sea-level fluctuation 
in controlling the formation of conical and flat-top carbonate morphologies. Previously 
it was assumed that the buildup morphology was purely controlled by the basement 
topography and their relative positions in the basin, where the conical shaped buildups 
tend to develop more prominently at the basinal areas. Re-visit on palaeoenvironmental 
interpretation over a period of late Oligocene to Recent on many wells using logs and 
biostratigraphic data helps to further refine the palaeogeographic maps of Sarawak. These 
new findings make the regional knowledge and understanding pertaining to carbonate 
development much better.  
 During the Oligocene to early Miocene, the present-day onshore area was located 
in shallow to deeper marine environments. During this period, the Early Miocene Upper 
Unit of the Batu Gading Limestone complex was part of a platform complex sitting 
unconformably above the Upper Eocene Nummulitic Limestone.   The Late Oligocene to 
early Miocene period in the Niah area was a shallow marine isolated platform complex 
(the Subis Limestone complex), while in the Suai area, carbonate banks were dominated 
by Eulepidina dilatata (the Suai Limestone complex). In contrast, the Bekenu area, with 
its full assemblage of planktonic foraminifera, was formed in a deepwater environment 
(the Bekenu Limestone complex). The new facies analysis, sedimentary sequences and 
depositional models of the Suai, Subis and Batu Gading limestone complexes,  with their 
contrasting biota systems, improve understanding of the oceanographic parameters that 
controlled these isolated buildups. The platform evolution model of the Suai Limestone 
complex interprets the new Eulepidina dilatata packstone facies as being part of the main 
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core of the bank complex. As the Suai Limestone facies and vertical sequences were 
described for the first time in this thesis, it could be used later a standard reference for this 
type of deposit in the region. 
 The platform evolution model of the Subis Limestone complex displays the 
closest similarities with the carbonates in Central Luconia. The main difference is that 
the present Subis outcrop represents a flank area with abundant in situ corals, whereas 
most of the wells from Central Luconia represent the central part of the platform, which 
is dominated by lagoonal facies. The facies described from the outcrop have been fixed 
with the environments in the model. 
 The Lower Unit of the Batu Gading Limestone complex represents a bank or 
shoal nummulitic limestone deposit during the Late Eocene. The refined bank/shoal 
model for the Batu Gading Limestone is slightly difference compared to the earlier model 
developed by Haak (1956) as more subfacies could be recognized in the field. However, 
more refined platform evolution model was established in the Upper Unit of the Batu 
Gading Limestone complex as several new facies, including Eulepidina dilatata, were 
identified. This makes the current model slightly different from the earlier one. 
 The Central Luconia carbonates comprise four basic rock types based on 
depositional texture and diagenetic features: (1) mouldic limestone, (2) chalkified 
limestone, (3) sucrosic dolomite and (4) tight (argillaceous) limestone. These sediments 
are interpreted to have been deposited in the following physiographic zones: (i) protected 
(beach, back reef, lagoon, patch reef, sand flat and mangrove swamps), (ii) Reefoid (reef 
flat and reef front), (iii) shallow open marine (fore reef and slope), and (iv) deeper open 
marine (offreef). However, the attempt was made in this thesis to identify depositional facies 
types based on sedimentary texture, coral growth morphology and fossil assemblages. 
Therefore, both classifications of Dunham (1968) and Embry and Klovan (1976), were 
used to describe facies types and to interpret depositional environments together with 
fossil assemblages. Nine depositional facies have been recognized vertically within the 
wells to represent different depositional environments as seen in the model (Chapter 7). 
 As these selected fields have an excellent core coverage, where the subaerial 
exposure surfaces could be identified quite easily even for higher order sequence 
boundaries, an attempt was again made to apply high order sequence stratigraphic 
principles in these fields, the first of its kind in South East Asian region. The sequence 
boundaries are mostly validated using the cores and to certain extent by biostratigraphic 
data. The only known publication on high order carbonate sequence stratigraphy is in 
Mallorca (Pomar, 1996). The application of high order sequence stratigraphy in RB, 
EK, FM and FW buildups recognized eighteen 3rd order sequences (Sequences 1 to 18) 
within the Cycles I to VI stratigraphic successions. The first five sequences represent the 
Cycles I to II, while the Sequences 6 to 8 are present within the Cycle III carbonates. The 
subsequent Sequences 8 to 12 (Cycles IV to V) are present in the EK, FM and FW build-
ups with significant variation and thickness, while Sequences 14 to 18 (late Cycles V to 
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VI) are only identified within the FW build-up. This evidence suggests that the carbonate 
buildups in the Central Luconia are strongly diachronous, with build-up initiation and 
demise occurring at different times. Four 4th order sequences were established within 
each 3rd order sequence, while three to five 5th are present in each 4th order sequence. The 
3rd to 4th order SB and MF surfaces are readily correlated within and between the build-
ups, but the 5th and 6th order SB and MF correlations are far less reliable. Abrupt changes 
in depositional environments are observed across many of the 3rd to 5th order sequence 
boundaries and most prominent among the 4th order sequences. The rock properties 
below 3rd order SBs seem to be controlled mainly by meteoric diagenesis, rather than 
by depositional facies. Chalky and tight limestones dominate immediately below the 
SBs, while dolomite and dolomitized limestone are common below the chalkified zone. 
Therefore, the best reservoir occurs in the middle part of the 3rd order sequences, while 
the thickest dolomites are found in the middle part of Sequence 8. The overall results 
show that the integrated high order sequence stratigraphy and sedimentology provides an 
excellent tool and control for sequence development history and model for better reservoir 
description. The new sequence stratigraphic framework presented here enables confident 
regional correlation in the Central Luconia Province.
 Platform evolution and low order sequence stratigraphic study nearby Arang and 
Terumbu Formations of Natuna Platform (Rudolph and Lehmann, 1989) was made as 
comparison. Although the study was conducted mainly based on seismic interpretation with 
limited well, core and biostratigraphic controls, seven complete depositional sequences 
were continuously recognised within the Lower Miocene interval. The distribution of 
lowstand, transgressive and highstand systems tract could be also recognised because the 
carbonate successions represent quite thick interval (5.5 to 16.5 Ma), while in Central 
Luconia these systems tracts could not be recognised easily simply because the carbonate 
thickness is relatively very thin and located at very stable Luconia Platform although the 
evolution of Natuna Platform is also controlled by eustacy, subsidence and differential 
carbonate productivity (Rudolph and Lehmann, 1989). However, a lot of Wilson’s (2002) 
work in Sulawesi, far north of the Sarawak Basin, could not find evidence for systems 
tracts and mappable sequence boundaries or flooding surfaces. This may indicate that 
tectonic heavily controlled the region that possibly drove the localised sea level changes. 
Although these carbonates also rest on fault blocks, the question that always in our mind 
is that can similar sea level changes really be correlated from one fault block platform 
to another? More detailed biostratigraphy and understanding of the roles of tectonic in 
controlling sea level changes are probably required to address this issue as wiggles on 
logs alone can nearly always be correlated if you want them to.
 Diagenetic studies were previously executed in an isolation without complete and 
systematic analyses and proper integration (Epting, 1980; Ali, 1993; Tarbenor et al, 2002; 
Warrlich et al, 2002). Samples for various analyses, particularly stable isotope analyses, 
were usually taken as bulk samples without proper mapping of diagenetic stages using 
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cathodoluminescence (CL) microscopy. As a result, the measurements of various samples 
can be very misleading and the analyses do not represent any of these diagenetic stages. 
Contrary to this approach, this thesis applies a systematic sampling for various analyses. 
The analyses were done step by step and samples were chosen based on diagenetic stages 
established by crystal habit and compositional mapping using CL microscopy as a base 
map. The samples for various analyses were selected based on these CL characteristics. 
As a result, the measurements are considered much more accurate and representative for 
various stages of calcite and dolomite cementation or replacement. Each stage of cement 
is characterized by specific crystal habit, CL property, elemental composition and isotopic 
signature that lead toward better and accurate interpretation. The diagenetic models for 
both onshore and offshore carbonates were established using the same integrated approach 
that lead toward better interpretation and prediction of reservoir properties.
 All these new findings that are mentioned above will probably give some hope for 
better understanding of the overall carbonate development within the Sarawak Basin for 
better future in doing exploration and development from these carbonate reservoirs.
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Conclusions 
An integrated study of the Cenozoic onshore and offshore carbonates in the Sarawak 
Basin reveals the following conclusions : 
11.1 Controlling factors for carbonate development and distribution 
•	 Carbonates of the Sarawak Basin show two distinctive build-up morphologies; 
flat-top platform- and high relief conical-types. The platform-type (like FW and 
Subis) is a flat-top build-up with a single crest and asymmetrical dipping flanks 
that often developed on fault-bounded regional highs. The pinnacle-type (such as 
FM and EK) is a high relief conical shape build-up with multiple crests and very 
steeply dipping flanks often associated with carbonate stringers. Each of these 
build-ups displays alternating porous and non-porous carbonate layers due to 
extensive leaching.
•	 The study also confirmed that the growth, architectural geometry and distribution 
of these buildups were mainly controlled by :   
(i). Basement structures and surface morphology of the underlying substrates and 
unconformity surfaces. Isolated carbonate build-ups tend to grow on structural 
basement highs created by extensional tectonics. Relative movement of fault-
bounded blocks, surface topography and tectonic processes governing the 
substrate characteristics control the size and morphology of these build-ups. 
The eroded surface topography of faulted blocks resulting from the Middle 
Miocene Unconformity (MMU) also controls the build-up morphology and 
distribution. Flat topography of the fault blocks created flat-top platform-type 
build-ups, while the irregular fault block topography formed conical-shape 
pinnacles. The highest position of elevated fault block below sea level is the 
preferred site for carbonate growth. The size of these fault blocks would also 
determine the dimension of these build-ups. 
(ii). Relative position to the margin of continental shelf reflects a clear wedge 
profile of the carbonate sequence. Build-ups located closer to the shelf 
margin into deepwater area in northern offshore Sarawak tend to be thicker. 
The build-ups in the shelf margin area grew earlier and terminated later than 
those located away from the shelf margin.  
(iii). A sea-level rise during highstand may drown the reefs, while a major sea-
level drop during lowstand may subaerially expose the build-ups. The 
eustatic sea-level fluctuations and palaeo-climatic conditions also control 
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the biota systems and facies variations as demonstrated by the Batu Gading, 
Subis, Suai and Bekenu Limestone complexes. During the late Oligocene to 
early Miocene, these onshore build-ups have grown a completely different 
biota, large foraminiferal size and facies type resulted by a difference in water 
depths and climatic conditions. However, during the middle to late Miocene, 
the climatic conditions were more conducive for carbonate growth in the 
offshore areas as suggested by identical small size of similar foraminiferal 
assemblage.   
(iv). Palaeo-oceanography, palaeo-wind direction and palaeo-current during the 
period of carbonate deposition directly controlled the build-ups orientation, 
slope steepness, and asymmetrical geometry of the build-ups.
(v). Sediment influx and clastic poisioning prohibit and often terminate the 
carbonate deposition as demonstrated by the seismic examples near the 
Baram Delta and the Rajang Delta Provinces. Carbonates tend to grow better 
in areas away from clastic deposition.
(vi). Although no volcanic material has been studied, the effect of volcanism is 
not clearly demonstrated in Sarawak Basin due to its non-occurrence in the 
studied area. 
•	 Some of the above controlling factors could be demonstrated in a newly developed 
seismic-based model representing the North Luconia Province. The model shows 
that the pre-Middle Miocene sequences were affected by the faulting and the 
subsequent rifting that had created faulted blocks with irregular topography. The 
highest elevated blocks would be subjected to hiatus and erosion that had occurred 
during the MMU. The eroded pre-middle Miocene and reworked sediments 
were then deposited and filled the low areas within the fault blocks. During the 
subsequent sea level rise, flat-top carbonate platforms started to grow on flat 
eroded surfaces, while the clastic sediments started to cover the surrounding 
areas. During a quiet period, turbidite sediments filled the topographic low area 
to form a ponded turbidite deposit.  While the carbonate continued to grow on the 
elevated fault blocks, the clastic sediments continued to occupy the surrounding 
areas within the topographic low areas. As the sea-level continued to rise, the 
carbonate started to demise and became completely terminated by hemipelagic 
sediments. This model can be used as an analogue to explain the carbonate growth 
history within the Sarawak Basin.
•	 The knowledge on the regional and individual carbonate development during the 
Cenozoic would be useful to further refine the palaeogeographic maps of the basin. 
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11.2 Sedimentology and development history of the onshore and offshore carbonates
 The study of four onshore carbonate build-ups concludes that:
•	 The Batu Gading Limestone complex can be divided into two parts; the Lower 
and Upper Units. The Lower Unit comprises of nummulitic limestone (late 
Eocene) which is separated from the underlying turbidite sequence of the Kelalan 
Formation by a major angular unconformity. This Lower Unit is separated from 
the overlying Upper Unit (early Miocene) limestone by another disconformity. 
The Upper Unit is age equivalent with the Subis, Suai and Bekenu Limestones.   
•	 Despite their age equivalent, these four carbonate build-ups display completely 
different biota systems, foraminiferal sizes and facies types. The Suai Limestone 
is made up of deepening upward patterns of large Eulepidina spp. that grades into 
more rounded Cycloclypeus sp. and Sprioclypeus sp. The large-sized Eulepidina 
(and Cycloclypeus) may suggest less favourable climatic conditions at the site 
of deposition. The foraminiferal population was possibly under stress due to 
low temperature, insufficient nutrients and lower light intensity in deeper water 
conditions. Flatter- and thinner-tests with maximum surface-to-volume rate, as 
shown by Eulepidina dilatata and some other species, may suggest that these 
symbiont-bearing foraminifera have modified themselves in order to capture most 
nutrients and light for their survival.  
•	 In the Batu Gading Limestone, two main facies with five subfacies were 
recognized within the Lower Unit, while six other facies were identified within 
the Upper Unit. The Lower Unit consists mainly of Facies BG-L1 Nummulite 
packstone and Facies BG-L2 Discocycline dispansa packstone. These facies have 
been interpreted to have been deposited as shoal and more basinal open shelf 
deposits, respectively. Based on the size and shape of the Nummulites, the Facies 
BG-L1 can be further divided into five, namely (1) Sub-facies BG-L1a  (Large 
robust nummulitic packstone), (2) Sub-facies BG-L1b (Small robust nummulitic 
packstone/grainstone), (3) Sub-facies BG-L1c (Large flat nummulitic packstone), 
(4) Sub-facies BG-L1d (Small flat nummulitic packstone/wackestone), and 
(5) Sub-facies BG-L1e (Nummulithoclastic packstone). The Upper Unit of the 
Batu Gading Limestone complex comprises of six facies, namely (1) Facies 
BG-U1 (Larger foraminiferal packstone/wackestone), (2) Facies BG-U2 
(Eulepidina dilatata-sandy/muddy packstone), (3) Facies BG-U3 (Limestone 
breccia), (4) Facies BG-U4 (Foraminiferal packstone), (5) Facies BG-U5 (Algal 
laminated limestone) and (6) Facies BG-U6 (Planktonic foraminiferal mudstone/ 
wackestone). These facies were interpreted to have been deposited in different 
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parts of the reef bank complex in shallow to open marine environments. Facies 
BG-U3 was interpreted to have been deposited as a talus deposit at the slope near 
the main body of reefal build-up. The deepest Facies BG-U6 was interpreted to 
represent the middle to outer shelf environment.
•	 The Subis Limestone complex represents a typical ecological reef with abundant 
corals as a main building organism. Seven different facies were recognized within 
the Subis Limestone, namely (1) Facies SB-1 (Coral framestone / bindstone / 
bafflestone), (2) Facies SB-2 (Algal-miliolid floatstone-wackestone), (3) Facies 
SB-3 (Rhodolith-algal floatstone-rudstone), (4) Facies SB-4 (Stacked/Cycloclypeus 
floatstone-rudstone), (5) Facies SB-5 (Foraminiferal packstone-grainstone), (6) 
Facies SB-6 (Planktonic foraminiferal wackestone /packstone),   and (7) Facies 
SB-7 (Larger foraminiferal (Miogypsinid) packstone / wackestone). These facies 
have been interpreted to have been deposited within the reef crest, reef front, 
restricted lagoon, core reef, slope, margin of the reef complex, and open marine 
offreef environments, respectively. Based on coral types that are associated with 
water depths, the Facies SB-1 can be further subdivided into four subfacies: (1) 
Subfacies SB-1 (Massive Porites framestone), (2) Subfacies SB-1b (Branching-
small coral bafflestone), (3) Subfacies SB-1c (Branching coral bafflestone), and 
(4) Subfacies SB-1d (Argillaceous platy coral bindstone). These four subfacies 
were interpreted to have been deposited in the reef crest, upper, middle, and lower 
parts of the reef front environments. 
•	 In the Suai Limestone complex, four carbonate facies were identified. They are (1) 
Facies SU-1 (Large Eulepidina dilatata- sandy wackestone/packstone), (2) Facies 
SU-2 (Eulepidina ephippoides-Sphaerogypsina-Cycloclypeus packstone), (3) 
Facies SU-3 (Clycloclypeus-Rhodophyte-Spiroclypeus packstone), and (4) Facies 
SU-4 (Eulepidina badjirraensis-Spiroclypeus-Lepidocyclina packstone). These 
facies have been interpreted to have been deposited as slightly deeper water bank 
deposits. Large Eulepidina dilatata with abundance of fluid escape structures may 
indicate a rapid sedimentation during the deposition of this facies.
•	 The Bekenu Limestone complex comprises of two main facies; Globigerinid 
wackestone and calcareous mudstone. The alternation of argillaceous Globigerina 
limestones and calcareous shales with abundant planktonic foraminifera in the 
Bekenu Limestone sequences strongly suggests much deeper water bank deposits 
under the influence of turbidite currents.
•	 The Subis Limestone complex shows similarities with other build-ups in the 
offshore Sarawak in term of dimension, development history, facies, asymmetrical 
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geometry, and internal architecture. However, the rest of the studied build-ups 
onshore are not comparable with the Luconia carbonates as they show completely 
different biota systems, facies types and growth history within slightly deeper 
water environments. 
 The study of three (FM, EK and FW) isolated offshore carbonate build-ups from 
the Central Luconia Province concludes that :
•	 The EK, FW and FM carbonate build-ups were deposited as isolated build-ups. 
The bulk of the cored intervals comprises facies from the reef front and the 
back reef environments. Minor depositional environments of the cores include 
(1) fore reef, (2) windward slope, (3) leeward slope, (4) open to semi-restricted 
platform, and (5) offreef or deep open platform. The cores also penetrated some 
siliciclastic and mixed siliciclastic-carbonate deposits ranging from inner neritic 
to open marine outer neritic environments. Shallower siliciclastic facies occur in 
the lower part of the EK-2 cores, while those from the deeper environments are 
present in the upper part of the EK-3 cores. 
•	 Six carbonate facies have been recognized within the build-ups; (1) Facies CL1 
(Coral framestone/bindstone/bafflestone), (2) Facies CL2 (Milliolid-Soritid 
floatstone-wackestone), (3) Facies CL3 (Rhodolith-algal floatstone-rudstone), 
(4) Facies CL4 (Stacked floatstone-rudstone), (5) Facies CL5 (Foraminiferal 
packstone-grainstone), (6) Facies CL6 (Planktonic foraminiferal wackestone/
packstone), and (7) Facies SB7 (Larger formainiferal (Miogypsinid) packstone/
wackestone). The Facies CL1 can be further subdivided into four subfacies, 
namely (i) Subfacies CL1a (Massive Porites framestone), (ii) Subfacies CL1b 
(Branching-small coral bafflestone), (iii) Subfacies CL1c (Branching coral 
bafflestone), and (iv) Subfacies CL1d (Argillaceous platy coral bindstone). 
These facies and subfacies have been interpreted to have been deposited in reef 
crest, restricted lagoon, reef front, fore reef, and slope to open marine off reef 
environments. Facies CL1 has been interpreted to have been deposited in the main 
reef crest, while Facies CL2 was deposited in restricted lagoon environments. 
Facies CL3, CL4, CL5, CL6 and CL7 represent deposition in fore reef, reef slope 
and open marine offreef environments. 
•	 Eighteen 3rd order sequences (Sequences 1 to 18) have been recognized within the 
Cycles I to VI (Oligocene to late Miocene) carbonates. The first five sequences 
within the Cycles I and II were identified only within the RB build-up, while the 
Sequences 6 to 8 are present only within the Cycle III of FM build-up. Sequences 
8 to 12 (Cycles IV to V) are present in all build-ups with significant variation 
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and thickness, while Sequences 14 to 18 (late Cycles V to VI) are only identified 
within the FW build-up. 
•	 Relative sea level changes during the Cycles I through VI have played an important 
role in controlling the internal architecture of the build-ups as evidenced by the 
presence of eighteen 3rd order SB and MF surfaces and many other higher SBs and 
MFs. Four 4th order sequences were established within each 3rd order sequence, 
while three to five 5th are present in each 4th order sequence. The 3rd to 4th order SB 
and MF surfaces are well correlated within and between the build-ups but the 5th 
and 6th order SB and MF surfaces are not necessary correlatable within and inter 
between the build-ups due to difficulties in identifying the surfaces on cores and 
logs. 
•	 Abrupt changes in depositional environments are observed across many of the 
3rd to 5th order sequence boundaries and most prominent among the 4th order 
sequences. A possible change in palaeo-wind direction occurred between the 2nd 
and 3rd order sequences that affect the windward to leeward sides. The property 
of rocks below 3rd order SBs seem to be controlled meteoric diagenesis than 
depositional facies. Chalky and tight limestones dominate right below the SBs, 
while dolomite and dolomitized limestone are common below the chalkified zone. 
Therefore, the best reservoir could be found in the middle part of the 3rd order 
sequences. In the EK, FM and FM build-ups, the thickest dolomites are found in 
the middle part of Sequence 8. An integrated high order sequence stratigraphy and 
sedimentology provides an excellent tool and control for sequence depositional 
history and model for better reservoir description.
11.3 Diagenesis and cementation history of the onshore and offshore carbonates
An integrated diagenetic study of the Subis, Suai and the Upper Unit of the Batu 
Gading Limestone concludes that :
•	 The Batu Gading, Subis and Suai Limestones have undergone complex diagenetic 
evolution. The diagenesis involved mechanical and chemical compaction, 
cementation, dolomitization, dissolution, fracturing and mineralization that took 
place from early near-surface to deep burial conditions in different diagenetic 
environments. These build-ups have undergone seven stages of calcite cementation 
(C-1 to C-7), three stages of dolomitization (D-1 to D-3) and one stage of quartz 
cementation (S-1). These diagenetic cements were precipitated at different 
temperatures. The build-ups have been subjected to at least three major fracturing 
events that took place prior to precipitation of stages C-3 to C-5, D-2/D-3 and S-1 
cements. The build-ups have also subjected to pyrite and fluorite mineralization 
and a series of meteoric dissolution. 
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•	 Each stage of cement is characterized by specific crystal habit, cathodoluminescence 
property, elemental composition and isotopic signature. However, similar cement 
stage in different build-ups may have different elemental and isotopic compositions 
due to localized sources of diagenetic fluids. The early near-surface to shallow 
burial calcites (stages C-1 to C-3) and dolomite (stage D-1) were precipitated 
mainly in phreatic and possibly mixing seawater-freshwater environments at 
relatively low temperature (<50oC). The late calcite cementation (stages C-4 to 
C-7) and post-stylolite dolomites (stages D-2 and D-3) were precipitated at higher 
temperatures. 
•	 The studied build-ups have experienced a series of dissolution but the pores have 
been completely occluded by extensive calcite and dolomite cementation under 
shallow to intermediate and deep burial conditions. Stages C-3 to C-7 calcite 
cements have strongly affected the reservoir destruction within the build-ups. 
These cements were precipitated in meteoric to phreatic and burial diagenetic 
environments. As a result, the porosity in the rocks is very low and generally has 
very low reservoir potential.
In comparison, the integrated diagenetic study of the offshore carbonates reveals 
the following conclusions: 
•	 In each stratigraphic interval, the build-ups in the Central Luconia Province have 
undergone almost the same stages of diagenetic events, indicating the sea-level 
changes as the major control for an early diagnesis. The build-ups have undergone 
a complex diagenetic evolution comprising of cementation, dolomitization, 
mechanical and chemical compaction, dissolution and mineralization events 
that had occurred from early post-deposition to late deep burial conditions in 
different diagenetic environments (marine realm, phreatic, meteoric, mixed 
seawater-fresh water). The build-ups have experienced five stages of calcite 
cementation (Cal-1 to Cal-5), four stages of dolomitization (Dol-1 to Dol-4), one 
stage of dedolomitization (Ded-1), beside other late burial events such as fluorite 
replacement, pyritization and kaolinite bridging. 
•	 Each stage of calcite, dolomite and dedolomite cements is characterized by 
different crystal morphology, cathodoluminescence features, elemental and 
isotopic compositions. The early surface to shallow burial calcite (stages Cal-
1 to Cal-3) and dolomite (stages Dol-1 and Dol-2) were precipitated mainly in 
phreatic and possible mixing water environments, respectively, at relatively low 
temperature (<50oC). The late stages of calcite (Cal-4 and Cal-5) and dolomite 
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(Dol-3 and Dol-4) were precipitated at higher temperatures (115 to 130oC). Late 
dolomite stages (Dol-3 and Dol-4) were precipitated from dolomitizing fluids 
associated with hydrothermal conditions at around 130oC, as evidenced by the 
presence of saddle dolomite, high temperature minerals and high homogenization 
temperature.
•	 The build-ups also experienced three major dissolution events that improved 
overall properties of the reservoirs; (1) first dissolution associated with the 
subaerial exposure during the build-up emergence, (2) second phase of dissolution 
occurred after main dolomitization and stylolitization, and (3) third dissolution 
episode took place after dolomitization due to hydrothermal corrosive fluids prior 
to hydrocarbon migration.
•	 Porosity destruction is mainly contributed by stages Cal-3 and Cal-4 calcite 
cements. Porosity enlargement took place at the very late stage of diagenesis and 
it was partially contributed by hydrothermal fluids that may have come from deep 
seated fluids at high temperature (130oC).
11.4 Recommendations for future work
 As most of the seismic sections used in the study were from the offshore area, it is 
recommended to use more seismic sections from the onshore area in the future to better 
understand the regional geology of the subsurface. Furthermore, detailed biostratigraphic 
analysis is required to better constrain the ages of all the build-ups particularly in onshore 
area. More strontium isotope analysis is recommended for offshore build-ups as most 
of the marker species have been completely leached due to extensive dissolution and 
diagenesis. Similarly, more stable isotope and fluid inclusion microthermometry analyses 
are also recommended for every single diagenetic phase defined in the study to further 
constrain the homogenization and melting temperatures, particularly for the onshore 
carbonates. Finally, the study of other onshore build-ups is also recommended to further 
refine the regional sedimentary models established in this particular study.
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Sam-
ple 
No.
Major Fossil Components Micro-facies
Depo. 
Environ-
ment 
Age
73 Packstone of Discocyclina dispansa sorted in direction MF-BG-4
Open 
marine 
reefal . 
Envi. 4
Pri-
abonian 
(SBZ19, 
Late 
P15)
S53
Biplanispira mirabilis, Nummulites ptukhiani, 
Discocyclina dispansa, Rodophyte spp., Pel-
latispira sp.
MF-BG-4 Envi. 2-4
Late 
Eocene
S6 Packstone of Discocyclina dispansa sorted in direction MF-BG-4 Envi. 4
Late 
Eocene
S11 Rodophyte spp., Nummulites ptukhiani MF-BG-4 Envi. 2-4
S18 Packstone of Discocyclina dispansa sorted in direction, Nummulites sp. MF-BG-4 Envi. 4
Late 
Eocene
S23 Nummulites perforatus, Nummulites  fabianii (packstone) MF-BG-1 Envi. 1
SR 
10A
Wackestone of planktonic foraminifera, Glo-
bigerina sp., Globoquadrina sp. MF-BG-5 Envi. 5
SR9
Fragments of rodophytes, Discocyclina sp., 
Heterostegina sp., Textularia sp., Spiroclypeus 
sp., Turborotalia sp., Victoriella sp., Planor-
bulinella sp.
MF-BG-3 Envi. 3
Late 
Eocene
SR7A
Discocylina sp., Alveolina sp., Rodophyte spp., 
Miliolid spp., Operculina sp., Planostegina 
sp., Halkyardia sp, Globigerina sp.
MF-BG-3 Envi. 2-4 Late Eocene
SR8 Operculina spp., Rodophyte spp. MF-BG-3 Envi. 2-3
SR4 Discocylina sp., Rodophyte sp., Alveolina MF-BG-3 Envi. 3-4 Late Eocene
SR2B
Pellatispira sp., Discocyclina sp., Gastropod 
sp.Miliolid sp., Planorbulinella sp. Rodophyte 
sp., Spiroclypeus sp.
MF-BG-3 Envi. 3-4
Late 
Eocene
SR2B Packstone of Discocyclina dispansa MF-BG-4 Envi. 4 Late Eocene
SR1 Packstone of Discocyclina dispansa MF-BG-4 Envi. 4 Late Eocene
S3 
70-1
Discocyclina dispansa, Victoriella spp. Tur-
borotalia pomeroli MF-BG-4 Envi. 4
Late 
Eocene
S3-
eSB
Discocyclina dispansa, Nummulites sp., Oper-
culina sp. MF-BG-4 Envi. 2-4
Late 
Eocene
S3-18 Nummulites perforatus, Discocyclina  fabianii, Pellatispira, Operculina sp. MF-BG-3 Envi. 1-4
Late 
Eocene
S3 
17B
Nummulites perforatus, Nummulites  fabianii 
(packstone) MF-BG-1 Envi. 1
Appendix 6.1 : Major components of fossils within the Batu Gading Limestone.
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S3-16 Nummulites perforatus, Nummulites fabianii (packstone), Discocyclina sp. MF-BG-4 Envi. 1-3
Late 
Eocene
TS4 Discocyclina dispansa, Nummulites ptukhiani, Miliolid spp., Pellatispira sp. MF-BG-4 Envi. 2-4
Late 
Eocene
TS3
Discocyclina dispansa, Nummulites ptukhiani, 
Miliolid spp., Pellatispira sp., Globigerina 
inaequispira, Planorotalites sp., Biplanispira 
mirabilis,
MF-BG-4 Envi. 2-4
Late 
Eocene
TS2 Spiroclypeus sp., Rodophytes spp, Pararotalia sp., Discocyclina sp.. MF-BG-4 Envi. 3-4
Late 
Eocene
TS1 Packstone of rodophyte spp., Discocyclina dispensa, Pellatispira fulgeria MF-BG-4 Envi. 3-4
Late 
Eocene
RH3
Packstone of Discocylina spp., Nummulites 
spp., Spiroclypeus sp., Globigerina Eocenica, 
Globigerina inaequispira, Globigerina spp., 
Globigerinatheca sp.
MF-BG-5 Envi. 4-5
Late 
Eocene
No. 
51 
Nummulites ptukhiani, Discocyclina sp., Mili-
olids spp. MF-BG-4 Envi. 2-4
Late 
Eocene
No. 
53
Fragments of rodophytes, Rotalia spp., Mili-
olid spp. MF-BG-7 Envi. 7
No. 
72
Discocyclina dispansa, Nummulites ptukhiani, 
Miliolid spp., Pellatispira sp., Globigerina 
inaequispira, Planorotalites sp., Biplanispira 
mirabilis,
MF-BG-4 Envi. 3-4
Late 
Eocene
No. 
71
Discocyclina dispansa, Nummulites ptukhiani, 
Miliolid spp., Pellatispira sp. MF-BG-4 Envi. 3-4
Late 
Eocene
No. 
8b
Discocyclina dispansa, Nummulites ptukhiani, 
Miliolid spp., Pellatispira sp. MF-BG-4 Envi. 3-4
Late 
Eocene
No. 
B25
Discocyclina dispansa, Nummulites ptukhiani, 
Miliolid spp., Pellatispira sp. MF-BG-4 Envi. 3-4
Late 
Eocene
No. 
B24
Alveolina sp., Globigerina sp., Spiroclypeus 
sp. MF-BG-6 Envi. 4
B23 Nummulites fabianii, Nummulites ptukhiani, miliolid spp., Pellatispirs sp. MF-BG-4 Envi. 1-3
B22 Nummulites ptukhiani, Discocyclina dispansa, Pellatispira sp. MF-BG-4 Envi. 1-4
Late 
Eocene
B16 Nummulites ptukhiani, Discocyclina dispansa, Pellatispira sp. MF-BG-4 Envi. 1-4
Late 
Eocene
B10
Discocyclina spp., Discocyclina dispansa, 
Rodophyte spp., Textularia spp., Spiroclypeus 
sp., Nummulites ptukhiani
MF-BG-4 Envi. 3-4
Late 
Eocene
B11 Biplanispira mirabilis, Nummulites ptukhiani, Discocyclina dispansa, Rodophyte spp. MF-BG-4 Envi. 3-4
Late 
Eocene
B5
Discocyclina dispansa, Victoriella sp, Biplan-
ispira mirabilis, Nummulites ptukhiani. Rodo-
phyte spp., echinoid spp.
MF-BG-4 Enci. 3-4
Late 
Eocene
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B4
Discocyclina dispansa, Victoriella sp, Biplan-
ispira mirabilis, Nummulites ptukhiani. Aste-
rocyclina sp., Rodophyte spp. echinoid spp.
MF-BG-4 Envi. 2-3
Late 
Eocene
B7
Linderina sp., Discocyclina dispansa, Num-
mulites ptukhiani, Miliolid spp., Spiroclypeus 
sp.
MF-BG-4 Envi. 2-3
Late 
Eocene
B6 Discocyclina dispansa, Nummulites ptukhiani, Miliolid spp., Asterocyclina sp. MF-BG-4 Envi. 2-3
Late 
Eocene
S96 Lepidocyclina (Nephrolepidina) oneatensis, Eulepidina inaequalis MF-SB-1 Envi. 2
early 
Miocene
S90 Eulepidina dilatata MF-SB-2 Envi. 1 early Miocene
S81 Spiroclypeus tidoenganensis, Lepidocyclina oneatensis MF-SB-3 Envi. 3
early 
Miocene
S78
Spiroclypeus tidoenganensis, Lepidocyclina 
oneatensis, Lepidocyclina spp., fragments of 
rodophyte sp.
MF-SB-3 Envi. 2-3
early 
Miocene
S76A Spiroclypeus tidoenganensis, Lepidocyclina oneatensis, fragments of rodophyte sp. MF-SB-3 Envi. 1-2
early 
Miocene
S76A
Spiroclypeus tidoenganensis, L. (Nephrolepi-
dina) sp. aff. gibbosa, Eulepidina badjirraen-
sis
MF-SB-3 Envi. 1-2
early 
Miocene
S75 A Spiroclypeus tidoenganensis, Lepidocyclina oneatensis MF-SB-3 Envi. 3
early 
Miocene
S75 A Spiroclypeus tidoenganensis, Lepidocyclina oneatensis MF-SB-3 Envi. 3
early 
Miocene
S74 Spiroclypeus spp. MF-SB-3 Envi. 3-4 early Miocene
S73 Spiroclypeus spp. MF-SB-3 Envi. 3-4 early Miocene
S70 Spiroclypeus tidoenganensis, Lepidocyclina oneatensis MF-SB-3 Envi. 3
early 
Miocene
S62 Spiroclypeus tidoenganensis, Lepidocyclina oneatensis MF-SB-3 Envi. 3
early 
Miocene
S61 Spiroclypeus tidoenganensis, Lepidocyclina oneatensis, Quinqueloculina sp. MF-SB-3 Envi. 3
early 
Miocene
S61A Lepidocyclina (Nephrolepidina) oneatensis, Eulepidina inaequalis MF-SB-1 Envi. 2
early 
Miocene
S33a
Spiroclypeus tidoenganensis, L. (Nephrolepi-
dina) sp. aff. gibbosa, Eulepidina badjirraen-
sis, Lepidocyclina (Nephrolepidina) brouweri
MF-SB-3 Envi. 2-3
early 
Miocene
S20
Spiroclypeus tidoenganensis
MF-SB-3 Envi. 3-4
early 
Miocene
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Appendix 6.2 : Major components of fossils within the Subis Limestone samples
Sample 
No. Major Fossil Components Microfacies
Environ-
ment Age
Subis
Warm 
water 
reefal 
environ-
ment
Early 
Miocene 
(Upper 
Te5 or N6 
Middle 
Burdigal-
ian
S26 Gastropods spp., Miliolid spp., Maio-gypsina tani MF-SB-1 Lagoon
early Mi-
ocene
SB5
Rodophyte sp., Gastropod spp., Lepi-
docyclina oneatensis, Victoriella sp., 
Austrotrillina asmariensis, Miogypsina 
tani
MF-SB-1 Lagoon
early Mi-
ocene
S4 Lepidocyclina brouweri MF-SB-3 S.Marine early Mi-ocene
SB1 Miliolids, Austrotrillina striata, MF-SB-1 Lagoon early Mi-ocene
SB2 Coralgal packstone MF-SB-2 Reef crest
early Mi-
ocene
SB3 Rodophytes, miliolids, L. (N.) oneaten-sis, Austrotrillina striata MF-SB-1 Lagoon
early Mi-
ocene
SB4 Barren
SB5 Common Miogypsina tani, small mili-olids MF-SB-4
Reef 
front
early Mi-
ocene
SB6
Codiacean algae, rodophytes, Mio-
gypsina tani, Miogypsinoides sp., Am-
phisorus martini, Miogypsinodella sp.
MF-SB-4 Reef front
early Mi-
ocene
SB8
Planorbulinella solida, Miogypsina 
tani, Miogypsinoides sp., Amphisorus 
martini, Miogypsinoides dehaarti, Mio-
gypsinoides abunensis, Lepidocyclina 
spp., Rodophyte spp.
MF-SB-4 Reef front
early Mi-
ocene
SB9
Planorbulinella solida, Miogypsina 
tani, Miogypsinoides sp., Amphisorus 
martini, Miogypsinoides dehaarti, Mio-
gypsinoides abunensis, Lepidocyclina 
spp., Rodophytes spp.
MF-SB-4 Reef front
early Mi-
ocene
S1 Fragments of rodophyte and dasyclads algae, Lepidocyclina sp. MF-SB-3 Fore reef
early Mi-
ocene
S5 Fragments of rodophyte and dasyclads algae, Textularia sp. MF-SB-3 Fore reef
early Mi-
ocene
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S8
Sphaerogypsina sp., Miliolid sp., Quin-
queloculina sp., Textularia sp., Lepi-
docyclina (N.) brouweri, Fragments of 
rodophyte spp.
MF-SB-1 Lagoon
early Mi-
ocene
S11 Fragments of rodophyte and dasyclads algae, Lepidocyclina sp. MF-SB-4 Fore reef
early Mi-
ocene
S12 Fragments of rodophyte and codiacean algae MF-SB-4 Fore reef
early Mi-
ocene
S13 Fragments of rodophyte and dasyclads algae, Lepidocyclina sp. MF-SB-4 Fore reef
early Mi-
ocene
S14
Lepidocyclina sp., L. (N.) oneataensis, 
Elphidium sp., Marginopora sp., Aus-
trotrillina howchini
MF-SB-3 Reef front
early Mi-
ocene
S15 Marginopora sp., Miogypsina tani, Rodophyte algae. MF-SB-3
Reef 
front
early Mi-
ocene
S16 Rodophyte spp. MF-SB-4 Fore reef early Mi-ocene
S17 Rodophyte spp. MF-SB-4 Fore reef early Mi-ocene
S18 Miliolid spp., Austrotrillina howchini, Textularia sp. MF-SB-1 Lagoon
early Mi-
ocene
S19
Miliolid spp., Austrotrillina howchini, 
Textularia sp., Borelis sp.,Miogypsina 
sp.,  codiacean algae
MF-SB-1 Lagoon
early Mi-
ocene
S20 Miogypsina tani, Miliolid spp., Austrot-rillina howchini, rodophyte spp. MF-SB-1 Lagoon
early Mi-
ocene
S21
Miogypsina tani, Austrotrillina as-
marensis, Miogypsinoides dehaarti, 
Gypsina spp. Globigerina sp., Rodo-
phyte algae
MF-SB-4 Fore reef
early Mi-
ocene
S24 Miogypsinoides spp.,  Lepidocyclina sp. MF-SB-3
Reef 
front
early Mi-
ocene
S25
Miogypsinoides spp.,  Miogypsinodella 
sp., Elphidium sp.,Lepidocyclina (N.) 
oneatensis,  Operculina sp., Miogypsi-
na tani, Gypsina sp., Rodophyte spp
MF-SB-3 Reef front
early Mi-
ocene
S27 Miliolid spp., Lepidocyclina (N.) broueri, Rodophytes. MF-SB-1 Lagoon
early Mi-
ocene
S28
Miogypsina tani, Miogypsinoides 
dehaarti, Miogypsina spp., Lepidocy-
clina (L.) sp., Lepidocyclina sp., L. (N.) 
oneatensis, rodophyte sp.
MF-SB-3 Reef front
early Mi-
ocene
S29
Miogypsina tani, Miogypsinoides 
dehaarti, Miogypsina spp., Lepidocy-
clina (L.) sp., Lepidocyclina sp., L. (N.) 
oneatensis, rodophyte sp.
MF-SB-3 Reef front
early Mi-
ocene
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S30 Coralgal packstone MF-SB-2 Reef crest
early Mi-
ocene
s31 Austrotrillina asmariensis, Miogypsina tani, Borelis pygmaeus MF-SB-1 Lagoon
early Mi-
ocene
SB1 Miliolids, Austrotrillina striata, MF-SB-1 Lagoon early Mi-ocene
SB2 Coralgal packstone MF-SB-2 Reef crest
early Mi-
ocene
SB3 Rodophytes, miliolids, L. (N.) oneaten-sis, Austrotrillina striata MF-SB-1 Lagoon
early Mi-
ocene
SB4 Barren
SB5 Common Miogypsina tani, small mili-olids MF-SB-3
Reef 
front
early Mi-
ocene
SB6
Codiacean algae, rodophytes, Mio-
gypsina tani, Miogypsinoides sp., Am-
phisorus martini, Miogypsinodella sp.
MF-SB-3 Fore reef early Mi-ocene
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ID Major Fossil Components Micro-facies
Depo.
Environ. Age
SU-32 Eulepidina spp. Envi. 1
SU-33 Barren NA
SU-34 Barren NA
SU-3
Packstone of larger benthic fo-
raminifera: Eulepidina ephippoides,
Sphaerogypsina sp., Eulepidina spp., 
Cycloclypeus spp.,  
Amphistegina, Lepidocyclina (Neph-
rolepidina) brouweri
MF-SU-2 Envi. 2-4 E. Burdigalian
SU-9
Packstone of larger benthic fo-
raminifera: Eulepidina badjirraensis, 
Sphaerogypsina sp., Eulepidina spp., 
Cycloclypeus spp.(common),  
Amphistegina, Lepidocyclina (Neph-
rolepidina) brouweri
MF-SU-2 Envi. 2-4 E. Burdigalian
SU-20
Packstone of larger benthic fo-
raminifera: Eulepidina ephippioides, 
Sphaerogypsina sp., Eulepidina spp., 
Cycloclypeus spp.,   
Amphistegina, Lepidocyclina (Neph-
rolepidina) brouweri, 
Eulepidina badjirraensis
MF-SU-2 Envi. 2-4 E. Burdigalian
SU-4
Packstone of larger benthic fo-
raminifera: Eulepidina ephippioides, 
Sphaerogypsina sp., Eulepidina spp., 
Cycloclypeus spp.,   
Amphistegina, Lepidocyclina (Neph-
rolepidina) brouweri, 
Eulepidina badjirraensis
MF-SU-2 Envi. 2-4 E. Burdigalian
SU-10
Packstone of larger benthic fo-
raminifera: Eulepidina ephippioides, 
Sphaerogypsina sp., Eulepidina spp., 
Cycloclypeus spp.,   
Cycloclypeus indopacificus, Am-
phistegina, Lepidocyclina 
(Nephrolepidina) brouweri, Eulepidi-
na badjirraensis
MF-SU-2 Envi. 2-4 E. Burdigalian
SU-8
Wackestone of rodophyte algae,  
Eulepidina spp., Chapmanina 
sp., Cylcoclypeus sp.
MF-SU-4 Envi. 4
SU-25
Packstone of Eulepidina spp., Lepi-
docyclina (Nephrolepidina)
oneataensis.
MF-SU-2 Envi. 2-3
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SU-23
Packstone of Cycloclypeus spp., Cy-
cloclypeus carpenteri, 
Eulepidina spp.
MF-SU-4 Envi. 4
SU-21
Packstone of larger benthic fo-
raminifera: Eulepidina badjirraensis, 
Eulepidina dilatata, Eulepidina spp., 
Cycloclypeus spp. (common),   
Amphistegina, Lepidocyclina (Neph-
rolepidina) brouweri.
MF-SU-2 Envi. 1-4 E. Burdigalian
SU-
33A
Packstone of larger benthic fo-
raminifera: Eulepidina badjirraensis, 
Eulepidina dilatata, Eulepidina spp., 
Cycloclypeus spp.,  
Spirocypeus tidoenganensis, Am-
phistegina, Lepidocyclina 
(Nephrolepidina) brouweri
MF-SU-2 Envi. 1-4 E. Burdigalian
SU-33
Packstone of larger benthic fo-
raminifera: Eulepidina dilatata,  
Spiroclypeus tidoenganensis
MF-SU-1 Envi. 1-2 E. Burdigalian
SU-32 Wackestone of rodophyte algae,  Cy-cloclypeus carpenteri MF-SU-4 Envi. 4
early Miocene
SU-31
Wackestone of Cycloclypeus spp., 
Rodophyte, Spiroclypeus 
spp., Cylcoclypeus sp.
MF-SU-3 Envi. 3-4
early Miocene
SU-30
Packstone of Cycloclypeus spp., Ro-
dophyte, Spiroclypeus spp., 
Cylcoclypeus pillaria, Eulepidina 
spp., Eulepidina dilatata
MF-SU-4 Envi. 3-4
early Miocene
SU-26
Packstone of Cycloclypeus spp., Ro-
dophyte, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) brou-
weri
MF-SU-4 Envi. 3-4
early Miocene
SU-24
Packstone of Cycloclypeus spp., Ro-
dophyte, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) brou-
weri
MF-SU-4 Env. 3-4
early Miocene
SU-23
Packstone of Eulepidina spp., Eule-
pidina badjirraensis, 
Lepidocyclina (Nephrolepidina) 
sondaica, rodophyte
MF-SU-2 Envi. 1-2
early Miocene
SU-
22A
Packstone of Eulepidina spp., Eule-
pidina badjirraensis, 
Lepidocyclina (Nephrolepidina) 
sondaica, rodophyte
MF-SU-2 Envi. 1-2
early Miocene
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SU-22
Packstone of Eulepidina spp., Eule-
pidina badjirraensis, 
Lepidocyclina (Nephrolepidina) 
sondaica, rodophyte
MF-SU-2 Envi. 1-2
early Miocene
SU-21 Wackestone of rodophyte, Cy-cloclypeus carpenteri MF-SU-4 Envi. 4
early Miocene
SU-
Base Fragments of Lepidocyclina spp. MF-SU-3 Envi. 2-3
early Miocene
SU-20
Packstone of Cycloclypeus spp., Ro-
dophyte, Cycloclypeus  
carpenteri, Cycloclypeus pillaria, 
Eulepidina spp., Amphistegina  
spp., Lepidocyclina spp.
MF-SU-4 Envi. 3-4
early Miocene
SU-19
Packstone of Cycloclypeus spp., Ro-
dophyte, Cycloclypeus  
carpenteri, Cycloclypeus pillaria, 
Eulepidina spp., Amphistegina  
spp., Lepidocyclina spp., Lepidocy-
clina (Nephrolepidina) brouwer, 
Spiroclyprus spp.
MF-SU-4 Envi. 2-4
early Miocene
SU-18 Fragments of Cycloclypeus spp. MF-SU-4 Envi. 4 early Miocene
SU-17
Wackestone of rodophyte algae, Cy-
cloclypeus carpenteri,
Eulepidina spp.
MF-SU-2 Envi. 1-4
early Miocene
SU-16 Fragments of Cycloclypeus spp. MF-SU-4 Envi. 4 early Miocene
SU-15 Barren early Miocene
SU-14 Wackestone of Eulepidina dilatata MF-SU-1 Envi. 1 early Miocene
SU-13
Packstone of Cycloclypeus spp., Ro-
dophyte, Cycloclypeus  
carpenteri, Lepidocyclina (Nephrole-
pidina)  brouweri, Spiroclypeus 
spp., Eulepidina spp.
MF-SU-4 Envi. 3-4
early Miocene
SU-12
Packstone of Eulepidina spp., Eule-
pidina badjirraensis, 
Lepidocyclina (Nephrolepidina) 
sondaica, Lepidocyclina murrayana, 
Sphaerogypsina sp., rodophyte
MF-SU-2 Envi. 2-3
early Miocene
SU-11 Wackestone of Eulepidina dilatata, Cycloclypeus MF-SU-2 Envi. 1-4
early Miocene
SU-10
Packstone of Eulepidina spp., Cy-
cloclypeus spp., Rodophyte, 
Cycloclypeus carpenteri, Lepidocy-
clina (Nephrolepidina) brouweri,  
Spiroclypeus spp., Lepidocyclina 
(Nephrolepidina) sondaica, 
Spiroclypeus tidoenganensis
MF-SU-3 Envi. 2-4
early Miocene
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SU-9
Packstone of Cycloclypeus spp., Ro-
dophyte, Cycloclypeus  
carpenteri, Lepidocyclina (Nephrole-
pidina)  brouweri, Spiroclypeus 
spp., Eulepidina spp.
MF-SU-4 Envi. 4
early Miocene
SU-8 Fragments of Lepidocyclina spp. MF-SU-2 Envi. 2 early Miocene
SU-7
Packstone of Spiroclypeus spp., Eule-
pidina dilatata, Amphistegina 
spp., Operculina spp., Cycloclypeus 
carpenteri, Cycloclypeus spp.  
MF-SU-4 Envi. 1-4
early Miocene
SU-
8A
Packstone of larger foraminifera: 
Eulepidina ephippioides,  
Lepidocyclina (Nephrolepidina) spp., 
Eulepidina spp., Cycloclypeus 
spp., Amphistegina, Lepidocyclina 
(Nephrolepidina) brouweri, 
Eulepidina badjirraensis
MF-SU-2 Envi. 2-3 E. Burdigalian
SU-6
Packstone of E. Eulepidina badjir-
raensis, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) 
sondaica, Spiroclypeus
tidoenganensis, Lepidocyclina (Neph-
rolepidina) oneataensis
MF-SU-2 Envi. 2-3
early Miocene
SU-5
Packstone of E. Eulepidina badjir-
raensis, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) 
sondaica, Spiroclypeus
tidoenganensis, Lepidocyclina (Neph-
rolepidina) oneataensis,
Eulepidina dilatata
MF-SU-2 Envi. 2-3
early Miocene
SU-4
Packstone of E. Eulepidina badjir-
raensis, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) 
sondaica, Spiroclypeus
tidoenganensis, Lepidocyclina (Neph-
rolepidina) oneataensis,
Eulepidina dilatata, Globigerina 
spp., Quinqueloculina spp., 
Miogypsinodella spp., Miolepidocy-
clina spp.
MF-SU-2 Envi. 2-3
early Miocene
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SU-3
Packstone of E. Eulepidina badjir-
raensis, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) 
sondaica, Spiroclypeus
tidoenganensis, Lepidocyclina (Neph-
rolepidina) oneataensis,
Eulepidina dilatata, Globigerina 
spp., Quinqueloculina spp., 
Lepidocyclina (Nephrolepidina) brou-
weri, Amphistegina spp., 
Miogypsina spp., Operculina spp.
MF-SU-2 Envi. 2-4
early Miocene
SU-2
Packstone of E. Eulepidina badjir-
raensis, Spiroclypeus spp., 
Lepidocyclina (Nephrolepidina) 
sondaica, Spiroclypeus
tidoenganensis, Lepidocyclina (Neph-
rolepidina) oneataensis,
Eulepidina dilatata, Globigerina 
spp., Quinqueloculina spp., 
Lepidocyclina (Nephrolepidina) brou-
weri, Amphistegina spp., 
Miogypsina spp., Operculina spp.
MF-SU-2 Envi. 2-4
early Miocene
SU-1 Packstone of Eulepidina in a sand-stone: Eulepidina dilatata MF-SU-1 Envi. 1
L. Oligo-E. 
Mio
SU-
1A
Packstone of Eulepidina in a sand-
stone: Eulepidina dilatata MF-SU-1 Envi. 1
early Miocene
SU-7
Packstone of Lepidocyclinas: Lepido-
cyclina oneataensis, 
Spiroclypeus spp., Lepidocyclina 
spp., Eulepidina spp., 
Lepidocyclina (N) sumatrensis
MF-SU-2 Envi. 2-4 Early Miocene
SU-
14A
Packstone of larger foraminifera: 
Eulepidina spp., Amphistegina spp.,
Eulepidina badjirraensis, Neorotalia 
spp., Textularia spp., Operculina
spp., Lepidocyclina (Nephrolepidina) 
sp.aff. Gibbosa, Lepidocyclina 
bouweri
MF-SU-2 Envi. 2-3
Early Miocene
(L.Aquitanian) 
E.Burdigalian)
SU-27 Packstone of Eulepidina spp.and Spiroclypeus spp. MF-SU-2 Envi. 2-4
SU-28 Packstone of Eulepidina in a sand-stone: Eulepidina dilatata MF-SU-1 Envi. 1
SU-14
Packstone of larger foraminifera: 
Eulepidina dilatata,Lepidocyclina
oneataensis, Cycloclypeus spp., Lepi-
docyclina spp.
MF-SU-1 Envi. 1-3 Early Miocene
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SU-15
Packstone of Cycloclypeus: Cy-
cloclypeus carpenteri, Lepidocyclina 
brouweri, Lepidocyclina spp., Eule-
pidina spp., Amphistegina spp., 
Eulepidina badjirraensis
MF-SU-4 Envi. 2-4
Early Miocene
(L.Aquitanian)
E.Burdigalian)
SU-
19A
Packstone of Eulepidina spp., Oper-
culina spp., Operculinella spp.,
Eulepidina badjirranensis
MF-SU-2 Envi. 1-2
early Miocene
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Appendix 6.4 : Major components of fossils within the Bekenu Limestone samples
ID Major Fossil Components Microfa-cies Environment Age
Bekenu Inner-middle neritic Miocene
S1 Barren NA
S2 Small textulariids, miliolids MF-BE-1 Restricted? early Miocene
S3 Small textulariids, Globigerina sp., Lepidocyclina sp. MF-BE-3 Restricted?
early 
Miocene
S4 Globigerina spp., Globigerinoides quadrilobatus MF-BE-2 Inner neritic
early 
Miocene
S5 Globigerina spp. MF-BE-2 Inner neritic early Miocene
S6 Small textulariids, Globigerina sp., Lepidocyclina sp. MF-BE-3 Inner neritic
early 
Miocene
S7 Globigerina sp. MF-BE-2 Inner neritic early Miocene
S9 Globigerina spp. MF-BE-2 Inner neritic early Miocene
S10 Globigerina sp., Polymorphina sp. MF-BE-2 Inner neritic early Miocene
S11 Globigerina spp., Globigerinoides quadrilobatus MF-BE-2 Inner neritic
early 
Miocene
S12 Globoquadrina altispira, Globigeri-noides sp., Textularia sp. MF-BE-2
Inner-middle 
neritic
early 
Miocene
S13 Globigerinoides obliquus, Globigeri-noides quadrilobatus MF-BE-2
Inner-middle 
neritic
early 
Miocene
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Appendix	6.5	:	Fossil	identification	in	selected	samples	from	the	RB-1,	SU-5	and	SB-2	
Wells
RB-1
Early 
Miocene 
(Upper 
Te5 or N6 
Middle 
Burdiga-
lian
Warm water 
reefal envi-
ronment
4571.4
Packstone of Rodophyte spp., Miogypsina tani, 
Miogypsina spp., Lepidosemicyclina spp., Lepi-
docyclina (Nephrolepidina) sp.
MF-RB-1 Reef front
4465.8 Wackestone of Amphisorua martini, Borelis pygmeus, Miogypsina tani, Austrotrillina striata MF-RB-2 Lagoon
4464.1
Wackestone of Miogypsina spp., Miogypsina 
tani, Miogypsinoides  spp., Mdes dehaarti,  Le-
pidocyclina (N.) sumatrensis
MF-RB-3 Reef front
4463.7
Packstone of Miogypsina spp., Miogypsina tani, 
Lepidosemicyclina, Miogypinodella primitiva, 
Mdes dehaarti,  Lepidocyclina (N.) sumatrensis
MF-RB-4 Reef front
4463.1
Wackestone of Amphisorua martini, Archaias 
kirkukensis, Miogypsina spp., Miogypsina tani, 
Echinoid sp.
MF-RB-5 Reef front
4460.7 Wackestone of rodophyte algae MF-RB-6
4457.2 Wackestone of rodophyte algae, Miogypsina tani, Miogypsina sp., Quinqueloculina sp. MF-RB-1 Reef front
4455.5
Packstone of Miogypsina spp., Miogypsina tani, 
Lepidosemicyclina, Miogypinodella primitiva, 
Mdes dehaarti,  Lepidocyclina (N.) brouweri
MF-RB-4 Reef front
4420.8
Wackestone of rodophyte algae, Miogypsina 
tani, Miogypsina sp., Lepidocyclina (N.) sumat-
rensis
MF-RB-1 Reef front
4419.9
Wackestone of Amphisorua martini, Miogyp-
sina tani, Quinqueloculina sp., fragments of 
rodophyte
MF-RB-2 Reef front
4416.8 Wackestone of rodophyte algae MF-RB-6
4416.4
Wackestone of rodophyte algae, Miogypsina 
tani, Miogypsina sp., Lepidocyclina sp., Spora-
dotrema cylindricum
MF-RB-1 Reef front
4414.4 Wackestone of rodophyte algae MF-RB-6
3845.9
Packstone of Spiroclypeus tidoenganensis, 
Lepidocyclina oneatensis, Cycloclypeus spp., 
Miogypsina tani, Lepidocyclina brouweri
MF-RB-7 deepmarine Offreef
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3843
Packstone of Spiroclypeus tidoenganensis, Le-
pidocyclina oneatensis, Lepidocyclina (Nephro-
lepidina) ferreroi, Cycloclypeus sp., Gypsina 
spp., Miogypsina tani
MF-RB-7 Deepmarine-Off reef
3840
Packstone of Spiroclypeus tidoenganensis, 
Lepidocyclina oneatensis, Lepidocyclina (Ne-
phrolepidina) ferreroi, Cycloclypeus sp., C. 
carpenteri. Gypsina spp., Miogypsina tani, 
Planostegina sp.
MF-RB-7 Offreef
3838.5
Packstone of Spiroclypeus tidoenganensis, Lepi-
docyclina oneatensis, Lepidocyclina (Nephrole-
pidina) ferreroi, Cycloclypeus sp., Gypsina spp., 
Miogypsina tani, Amphisorus sp.
MF-RB-7 Offreef
3838 Packstone of Cycloclypeus sp., Miogypsina sp., Miogypsina tani MF-RB-8 Offreef
EN- 1 Miocene Inner meritic
C5T1B Wackestone of planktonic foraminifera, Globo-quadrina altispira, Globoquadrina sp. MF-EN-2
Outer middle 
neritic
2079-
2089
Mainly dolomitised, Lepidocyclina sp., Quinqu-
eloculina sp. MF-EN-1
Inner middle 
neritic
9366-
9369
Wackestone of planktonic foraminifera, Globo-
quadrina altispira, Globoquadrina sp. MF-EN-1
Outer middle 
neritic
9120-
9125
Wackestone of planktonic foraminife-
ra, Globoquadrina altispira, Globoqu-
adrina sp., Globoquadrina dehiscens, 
Globigerinoides spp., Globigerina spp., Glo-
bigerinoides quadrilobatus, Gdes sacculifer
MF-EN-1 Outer middle neritic
SU- 5
Early 
Miocene 
- Burdiga-
lian
  warm shal-
low fore-reef 
environment
4026-
4032 
Wackestone of Lepidocyclina sp., L. (Nephrol-
epidina) aff.Epigona, L. (M.) brouweri, Miogyp-
sina tani
MF-SU-1 Env. 1-2(reef front)
4586-
4591
Packstone of Rodophyte spp., L. (N.) oneatensis, 
Miogypsina spp. MF-SU-2 Env. 1-2
4026-
4032
Wackestone of Lepidocyclina sp., L. (Nephro-
lepidina) aff. Epigona, L. (M.) brouweri, Mio-
gypsina tani
MF-SU-1 Env. 1-2(reef front)
3986 
-3993
Packstone of Rodophyte spp., L. (N.) oneaten-
sis, Miogypsina spp. MF-SU-2 Env. 1-2
4031-
4044
Wackestone of Lepidocyclina sp., L. (Nephro-
lepidina) aff. Epigona, L. (M.) brouweri, Mio-
gypsina tani
MF-SU-1 Env. 1-2(reef front)
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2265-
2672
Packstone of Rodophyte spp., L. (N.) oneaten-
sis, Miogypsina spp., Planorbulinella solida MF-SU-2 Env. 1-2
2079-
2089
Packstone of Rodophyte spp., L. (N.) oneatensis, 
L.(N.) sondaica, Spiroclypeus tidoenganensis, 
Cycloclypeus carpenteri
MF-SU-3 Env. 2-4
3081-
3088
Wackestone of Lepidocyclina sp., L. (Nephro-
lepidina) aff. Epigona, L. (M.) brouweri, Mio-
gypsina tani
MF-SU-1 Env. 1-3
2647-
2663
Wackestone of Rodophyte spp., L. (N.) oneaten-
sis, Miogypsina spp., Miogypsina tani MF-SU-2 Env. 1-2
3081 Wackestone of Rodophyte spp., L. (N.) oneaten-sis, Miogypsina spp., Miogypsina tani MF-SU-2 Env. 1-2
SB- 2
Early 
Miocene 
- Burdiga-
lian
warm shal-
low fore-reef 
environment
2500-
2514 Packstone of Spiroclypeus tidoenganensis MF-SB-1 Offreef
4435-
4445
Wackestone of Cycloclypeus sp., Lepidocyclina 
verbeeki MF-SB-2
Deepmarine 
offreef
3301-
3306
Packstone of Spiroclypeus tidoenganensis, Eul-
epidina sp., Eulepidina dilatata MF-SB-1
Deepmarine 
offreef
2782-
2792 Packstone of Spiroclypeus tidoenganensis MF-SB-1
Deepmarine 
offreef
4255-
4265 Grainstone of Eulepidina dilatata MF-SB-3 Env.1
2648-
2668 Packstone of Spiroclypeus tidoenganensis MF-SB-1
Deepmarine 
offreef
2500-
2514
Packstone of Spiroclypeus tidoenganensis, Lepi-
docyclina oneatensis MF-SB-1
Deepmarine 
offreef
1927-
1942 Grainstone of Eulepidina dilatata MF-SB-3 Env. 1
1843-
1858 Grainstone of Eulepidina dilatata MF-SB-3 Env. 1
1631-
1641
Packstone of recrystallised algae, Spiroclypeus 
sp., Halimeda sp. MF-SB-4
Foreef-offre-
ef
Batu 
Gading
Pria-
bonian 
(SBZ19, 
Late P15)
Open marine 
reefal envi-
ronment
S55 
(Loc2) Packstone of Nummulites fichteli MF-BG-1 Shoal/bank
S53a 
(Loc. 2)
Packstone of Discocyclina dispansa, Victoriella 
sp, Biplanispira mirabilis, Nummulites ptukhi-
ani. Astrocyclina sp., Rodophyte spp., echinoid 
spp.
MF-BG-1 Env. 2-4
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Table 7.2 : d13C and d18O isotope data from EK-2 and EK-3 wells.
WELL EK-2 WELL EK-3
DEPTH (ft) d13C d18O DEPTH (ft) d13C d18O
5751.2 -0.78 -6.38 5559.8 -0.76 -4.92
5780.4 -1.02 -5.77 5568.9 -1.08 -6.11
5791.3 -0.76 -6.23 5589.7 -0.86 -5.77
5851.1 -0.15 -6.14 5610.4 -0.03 -3.76
5919.7 -0.09 -5.12 5618.8 -1.76 -7.82
5969.9 0.56 -0.26 5629.4 1.08 -1.85
5991.3 0.73 -1.95 5631.1 0.99 -2.17
6030.2 0.34 -3.73 5639.6 -0.27 -4.02
6061.4 0.57 -2.91 5648.9 -0.59 -5.73
6069.6 0.55 -2.45 5679.2 -0.98 -6.15
6169.1 -0.12 -6.14 5619.8 -0.94 -5.71
6251.5 -0.11 -4.97 5719.6 -0.47 -5.15
6269.5 -0.03 -0.36 5721.1 0.64 -2.68
6281.1 0.81 0.01 5731.1 0.64 -5.15
6288.9 -1.54 -6.61 5759.6 -0.91 -5.31
6289.9 0.92 -3.86 5799.3 -0.24 -5.61
6300.2 0.27 -0.15 5809.7 -0.27 -6.11
6301.2 -4.17 -5.65 5831.1 0.49 -3.44
6332.1 -0.34 -5.73 5849.9 1.12 -0.69
6378.9 0.03 -6.23 5848.9 1.17 -0.69
6421.1 -0.43 -6.42 5859.7 0.61 -3.59
6500.1 1.01 -1.52 5870.1 0.74 -2.51
6511.3 1.08 -0.13 5878.5 -0.39 -6.58
6641.1 -0.66 -8.34 5879.4 -0.85 -5.44
6658.8 1.25 -3.21 5880.5 0.41 -6.29
6659.7 1.27 -3.22 5949.5 -0.38 -6.21
6689.7 0.57 -1.56 5959.5 0.88 -0.35
5969.5 0.08 -4.29
5989.6 -0.47 -6.17
6029.8 0.65 -2.11
6030.4 0.65 -2.15
6059.6 0.56 -1.36
6099.7 -0.59 -6.51
6139.7 0.85 0.16
6151.4 0.37 -2.39
6189.8 0.06 -5.34
6249.5 -0.11 -5.38
6279.8 -0.16 -4.48
6289.7 0.73 -5.52
6308.9 0.47 -5.99
6440.6 -0.39 -5.67
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WELL EK-2
DEPTH (ft) d13C d18O
5753.8 -0.82 -6.37
5777.1 -1.08 -5.82
5785.6 -0.78 -6.16
5850.8 -0.21 -5.12
5920.7 -0.06 -5.21
6168.1 -0.16 -6.23
6244.7 -0.16 -4.87
6265.1 -1.56 -6.67
6287.3 -1.59 -6.58
6297.2 -4.19 -5.71
6331.9 -0.39 -5.82
6382.1 0.04 -6.25
6417.9 -0.48 -6.47
6636.5 -0.66 -8.41
WELL EK-2
DEPTH (ft) d13C d18O
5967.9 0.63 -2.31
5989.2 0.67 -1.98
6027.2 0.41 -3.82
6054.2 0.62 -2.91
6073.2 0.61 -2.53
6271.2 -0.11 -0.43
6278.5 0.79 0.02
6292.1 0.94 -3.79
6299.3 0.34 -0.21
6500.7 1.12 -1.65
6508.4 1.12 -0.16
6655.2 1.34 -3.25
6657.1 1.34 -3.24
6692.8 0.64 -1.63
WELL EK-3
DEPTH (ft) d13C d18O
5562.6 -0.82 -4.89
5566.1 -1.14 -6.12
5589.4 -0.79 -5.82
5622.9 -1.82 -7.76
5650.6 -0.61 -5.67
5678.9 -0.96 -6.23
5679.7 -0.79 -5.53
5694.2 -0.94 -5.71
5724.2 -0.52 -5.09
5733.9 0.57 -5.25
5760.3 -0.94 -5.33
5805.1 -0.31 -5.69
5815.1 -0.19 -6.18
5879.5 -0.37 -6.49
5881.1 -0.27 -6.31
5947.1 -0.41 -6.22
5991.7 -0.48 -6.27
6009.6 -0.61 -6.52
6194.3 0.07 -5.43
6249.7 -0.12 -5.42
6251.1 -0.11 -5.34
6279.1 -0.12 -4.67
6287.2 0.68 -5.61
6309.2 0.51 -5.99
6439.2 -0.41 -5.74
WELL EK-3
DEPTH (ft) d13C d18O
5611.1 -0.09 3.93
5633.9 1.01 -2.23
5633.8 1.11 -1.97
5636.8 -0.34 -4.16
5714.5 0.72 -2.78
5825.7 0.54 -3.55
5849.9 1.21 -3.45
5857.3 0.64 -3.72
5867.4 0.82 -2.61
5963.3 0.91 0.42
5969.5 0.03 -4.32
6029.9 0.74 -2.19
6032.1 0.84 -2.31
6060.6 0.63 -1.38
6134.9 0.96 0.28
6150.7 0.42 -2.45
Table 7.3 : d13C and d18O isotopic data to represent (A) Bulk calcite and (B) Bulk dolomite samples from EK-2 and EK-3 wells.
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LEGEND
Sedimentary Stuctures
Parallel bedding
Cross bedding
Flaser / wavy / lenticular bendding
Convolute bedding
Scour
Boring
Breccia
Argillaceous streak
Stylolites
Geopetal feature
Open vugs
Cemented vugs
Open fractures
Cemented fractures
Allochems
Colonial / massive coral heads
Sparry coral
Red algae
Branching red algae
Encrusting red algae
Mollusca
Platy coral
Bivalve
Boring 
Gastropod
Enchinoderm
Bryozoan
Sponge
Larger foraminifera
Small foraminifera
Planktonic foraminifera
Rhodoliths
Depositional Environment
Lagoon
Reef core / Crest
Reef Flat
Reef Front
Fore reef / Slope
Deepmarine Offreef
Basin Floor
Inner Neritic/shelf
Middle Neritic/shelf
Outer Neritic / Bathyal
Leeward Slope
Lithology
Chalky Mouldic Limestone
Tight Limestone
Mixed Calcite-dolomite
Dolomite
Argillaceous Limestone
Shale / Claystone
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SB 11 / SB 11c1
SB 10d3 /
SB 11c3 (ii)
SB 11c2
MFS 10d3
MFS 11b2(ii)
SB 10d3(ii)
SB 10d3(i)
SB 11b2(ii)
SB 10d4(i)
SB 11b3(i)
SB 11b3(ii)
SB 11c1(i)
SB 11c1(i)
SB 11c1(i)
SB 11c2 (i)
SB 11c / SB 4c1 /
SB 11c4 (i)
SB 11c5 / SB 11c5(i)
MFS 11c1
MFS 11c1(ii)
MFS 11c2
MFS 11c /
SB 11c3
SB 10d4
MFS 11c3
SB11c4 / SB11c4 (i)
MFS 11c4
5950
6000
6050
6100
6150
6150
6200
6250
6300
6350
                                  Appendix 7.1 : Core description summary of EK-2 well.
 WELL EK-2
FA
C
IE
S
FA
C
IE
S
MFS 11b2
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SB 10a4 /
SB 10a1
SB 10b / SB 10b1 /
MFS 10b2
MFS 10b1
SB 10a3(ii)
SB 10a3(iii)
SB 10a3(i)
SB 10a4(ii)
SB 10a1(i)
SB 10c1(ii)
SB 10c2 / SB 10c2(i)
SB 10c2 (iii)
SB 10c3 (ii)
SB 10c3 (i)
SB 10c2 (ii)
SB 10d5 (i)
SB 10d / SB 10d1 /
SB 10d2 /
SB 10d1 (ii)
SB 10d4 (ii)
SB 10d1 (ii)
SB 10d2 (i)
SB 10b2(i)
SB 10b3(ii)
SB 10b4(i)
SB 10b5(i)
SB 10b6(i)
SB 107(i)
SB  10c1(i)
MFS 10c
MFS 10c4
MFS 10b3
MFS 10b4
MFS 10b6
SB 10b2
SB 10c3 /
SB 10c4/SB 10c4 (ii)
SB 10d2 (ii)
SB 10c5
SB 10b3
SB 10b4
SB 10b5
SB 10b6
SB 10b7
SB 10c / SB 10b7 /
MFS 10d2
6350
6400
6450
6500
6550
Well EK-2
6550
6600
6650
6700
6750
FA
C
IE
S
FA
C
IE
S
   Appendix 7.1 : Core description summary of EK-2 well.
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SB 10 / SB 10a
SB 10a1/SB 10a1(i)
SB 10a1
SB 10a3 (ii)
SB 10a3 /
MFS 10a2
MFS 10a3
SB 10a1(ii)
SB 10a2(i)
SB 10a3(i)
6750
6800
6850
6865
WELL EK-2
FA
C
IE
S
Appendix 7.1 : Core description summary of EK-2 well.
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Abdn Rhodolith
SB15b2
MFS15a
SB15a1(ii)
SB15b1(i)
SB15 / SB15a
SB13
SB14
MFS 12d2
MFS 12d/MFS 12d1
SB 12d2/SB 12d2(i)
SB 12d / SB 12da
SB 12b4
SB 12d1(ii)
SB 12c
SB 12a1(i)
SB 12 / SB 12a
SB 12a2
SB 12b / SB 12b1 /
SB 12b1(i)
SB 12b2/SB 12b(i)
SB 12C / SB 12C1
Structureless
SB 12
SB 12c (ii)
SB 12b / SB 12b1(i)
MFS
MFS
D
E
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(ft
)
C
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ROCK TYPES
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5820
5800
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WELL EK-3
T
T
   Appendix 7.2 : Core description summary of EK-3 well.
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MFS 11d3
MFS 11d/SB 11d(ii)
SB 11d3/SB 11d3(i)
SB 11d2
SB 11d / SB 11d1
SB 11d / SB 11c51
SB 11d3(ii)
SB 11d2(ii)
SB 11d1(ii)
MFS 11c3
MFS 11c2(ii)
MFS 11c1/MFS 11c1(i)
SB 11c1
SB 11c1(i)
MFS 11c1
Structureless
Structureless
Braching
coral
SB 11c3/SB 11c3(i)
SB 11c4/SB 11c4a
SB 11c4
SB 11c2/SB 11c2 (i)
SB 11b3
SB 11c / SB 11c1 /
SB 11c1(i)
SB 11c3(ii)
SB 11c2(ii)
SB 11b3
SB 11c2
C M W P G F R B Bf F
5800
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5900
5950
5960
5970
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   Appendix 7.2 : Core description summary of EK-3 well.
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SB 11b 2
MFS 11b2
MF
SB 11b 2 /
SB 11b2(i)
SB 11b3 /
SB 11b3(i)
SB 11ba(ii)
SB
WELL EK-3
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WELL FM-2
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WELL FM-2
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LEGEND
Sediamentry Stuctures
Parallel bedding
Cross bedding
Flaser / wavy / lenticular bendding
Convolute bedding
Scour
Boring
Breccia
Argillaceous streak
Stylolites
Geopetal feature
Open vugs
Cemented vugs
Open fractures
Cemented fractures
Allochems
Colonial / massive coral heads
Sparry coral
Red algae
Branching red algae
Encrusting red algae
Mollusca
Platy coral
Bivalve
Boring 
Gastropod
Enchinoderm
Bryozoan
Sponge
Larger foraminifera
Small foraminifera
Planktonic foraminifera
Rhodoliths
Depositional Environment
Lagoon
Reef core / Crest
Reef Flat
Reef Front
Fore reef / Slope
Deepmarine Offreef
Basin Floor
Inner Neritic/shelf
Middle Neritic/shelf
Outer Neritic / Bathyal
Leeward Slope
Lithology
Chalky Mouldic Limestone
Tight Limestone
Mixed Cale-dolomite
Dolomite
Argillaceous Limestone
Shale / Claystone
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WELL FM-4
Fus Gradual 
change from
mudstone to
fine solution
seams
fus
fus
fus
Stylolite filled
with pyrite
Platy corals 
plus others abdn 
fossils
Gradual change
to shale, brittle
w pyrite
organic matterfus
fus
wkst, homog.
structureless.
Wkst abdn
algae fossils 
clastics
f-m grained
sst, laminated,
change into
mottled clay
SB w mudclasts
mast, slightly
laminated
Arg. Ist (wh)//
mottled Ist
Dk gy, matrix
rich
Clyst, Ig gy to
yellow, homog. 
Slightly laminated
mottled, abdn
organic matter
sharp contour
w overlaying
wh pkst
Gradually change
to wkst (homog 
structure). Abdn 
coarse grains
at base
SB
Brittle shale,
dk gy. with
fissile texture
Dk gy mdst,
slightly, laminated
not fissile
MF?
  Appendix 7.4 : Core description summary of FM-4 well.
7000
7040
SB
Ftst grated into
Mdst
Homog. wlest
Inter bedded wh
mottled Ist and 
dk gy arg. Ist
Interbedded
wh mottled Ist
and dk gy arg. Ist
Brecciated
Dk gy, laminated,
burrowed
structureless,
muddier
Bioturbated
Wkst, dk gy,
slightly laminated
tight
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WELL FW-1
  Appendix 7.5 : Core description summary of FW-1 well.
429Appendices
SB ?
? SB
TAL
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muddier
arg. 1st
tight
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vertical
dissolution
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   Appendix 7.5 : Core description summary of FW-1 well.
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5750.7 Lst. Wackestone/Packstone Back Reef 36.8 2.0 14.0 8.0 9.2 2.4 Tr 0.4 0.4 0.4 40.8 19.6 1.2 15.2
5763.5 Lst. Wackestone/Packstone Off-Reef 48.0 8.4 20.4 7.2 4.4 Tr 1.2 0.4 1.2 0.4 2.4 2.0 31.2 29.6 1.6 20.0
5774.8 Lst. Wackestone/Packstone Off-Reef 48.0 2.0 13.2 5.6 9.6 2.0 2.0 3.2 0.8 9.6 Tr 33.6 32.4 1.2 17.6
5781.2 Lst. Wackestone/Packstone Fore-Reef 56.8 2.0 10.8 9.6 30.0 Tr 0.4 0.8 0.8 2.4 20.8 20.0 0.8 21.6
5834.5 Lst. Wackestone/Packstone Fore-Reef 56.8 2.0 14.8 8.8 23.6 0.8 1.2 2.0 1.2 2.4 22.4 22.0 0.4 19.2
5849.8 Lst. Wackestone Fore-Reef 21.6 2.0 10.0 2.4 4.8 0.8 0.8 0.8 47.2 47.2 20.8
5905.6 Lst. Wackestone Back Reef-Reefoid 28.8 6.0 10.0 10.4 1.6 0.8 16.8 16.8 44.0
5915.8 Lst. Wackestone/Packstone Back Reef-Reefoid 44.0 8.0 19.2 6.4 8.8 0.4 0.4 0.8 24.4 24.4 20.4
5923.9 Lst. Mudstone/Wackestone Back Reef-Reefoid 24.0 2.4 12.8 6.6 2.0 1.2 47.2 47.2 14.0
5965.9 Back Reef-Reefoid 0.0  - 0.0 0.0
5975.5 Lst. Wackestone/Packstone Back Reef-Reefoid 30.8 Tr 13.2 5.6 10.0 0.8 0.4 0.8 23.2 22.8 0.4 44.0
5987.5 Sucrosic Dolostone (Mudst) Reefoid 22.0  - 22.0 0.0 70.8
5998.0 Sucrosic Dolostone (Mudst) Back Reef-Reefoid 26.4  - 9.6 14.4 2.0 0.4 32.0 31.6 0.4 28.8
6010.8 Sucrosic Dolostone (Mudst) Back Reef-Reefoid 27.2  - 8.0 18.4 0.8 12.8 12.8 50.4
6026.2 Sucrosic Dolostone (Mudst) Back Reef-Reefoid 19.2  - 7.2 10.4 1.6 36.0 36.0 33.6
6041.9 Sucrosic Dolostone (Mudst) Reefoid 20.0  - 9.6 10.4 18.4 18.4 50.8
6051.8 Sucrosic Dolostone (Mudst) Back Reef 24.0  - 15.6 6.0 1.2 0.4 0.4 0.4 13.4 13.4 50.2
6066.0 Sucrosic Dolostone Reefoid 10.4  - 9.6 0.8 1.6 1.6 58.4
6079.8 Sucrosic Dolostone (Mudst) Reefoid 4.8  - 2.8 2.0 0.8 0.8 72.0
6088.3 Sucrosic Dolostone/Lst. 
Wackestone
Back Reef 19.2  - 4.0 11.2 2.4 0.8 0.8 15.5 15.2 0.4 61.6
6098.7 Sucrosic Dolostone (Muds) Back Reef 26.4  - 9.6 10.0 6.0 0.4 0.4 15.2 15.2 47.2
6111.8 Sucrosic Dolostone Back Reef 1.2  - 1.2 0.0 93.6
6129.1 Lst. Packstone/Wackestone Fore-Reef 36.8  - 9.2 16.8 8.4 1.2 0.4 0.4 Tr Tr 32.8 32.8 21.6
6140.1 Lst. Wackestone/Packstone Fore-Reef 35.2  - 14.4 4.4 14.0 0.4 0.8 0.4 0.8 Tr 37.6 36.0 1.6 19.2
6158.7 Sucrosic Dolostone/Lst. 
Wackestone
Back Reef-Reefoid 39.6 0.4 10.8 9.2 12.8 0.4 0.8 0.4 0.4 0.8 9.2 9.2 47.2
6174.6 Lst. Packstone/Wackestone Off-Reef 56.0 3.6 14.4 8.8 8.0 1.2 0.8 2.0 1.2 0.8 15.2 26.0 26.0 17.6
6179.3 Lst. Wackestone Fore-Reef 43.2 2.8 14.8 5.6 8.0 0.4 0.4 2.4 0.8 8.0 39.2 39.2 16.8
6191.1 Lst. Wackestone/Packstone Off-Reef 58.8 1.2 18.8 3.2 31.6 Tr 1.2 0.4 0.4 2.0 10.0 10.0 30.8
6200.5 Lst. Wackestone/Packstone Off-Reef 42.4 2.8 15.6 0.8 8.8 Tr 2.4 Tr 3.2 8.0 0.8 32.0 32.0 24.8
6206.0 Lst. Wackestone/Packstone Off-Reef 54.4 2.0 30.0 1.6 9.2 0.4 2.4 0.8 0.8 3.2 4.0 20.0 20.0 25.2
6210.9 Lst. Packstone/Grainstone Fore-Reef 51.6 Tr 14.8 9.6 22.8 0.4 Tr 0.4 0.4 3.2 14.8 14.8 33.2
6226.6 Lst. Packstone/Wackestone Fore-Reef 65.6  - 30.4 17.6 16.0 0.4 0.4 0.4 0.4 19.2 19.2 14.0
6241.4 Lst. Packstone/Wackestone Fore-Reef 51.2  - 21.6 12.8 14.0 0.4 0.8 1.6 26.4 26.4 15.2
6255.4 Lst. Wackestone/Packstone Fore-Reef 61.6 17.6 16.8 23.6 0.4 0.4 0.4 2.4 23.2 23.2 12.8
6261.8 Sucrosic Dolostone/Lst. 
Wackestone
Fore-Reef 41.6  - 25.6 6.4 9.2 0.4 4.0 4.0 46.6
6266.1 Lst. Packstone/Wackestone Fore-Reef 40.0  - 5.6 4.4 26.0 0.8 0.8 0.4 0.4 0.4 1.2 20.8 18.8 2.0 30.4
6269.7 Sucrosic Dolostone (Mudst) Reefoid 4.4  - 4.4 0.0 83.2
6271.5 Sucrosic Dolostone (Mudst) Reefoid 3.6 3.6 Tr 0.0 91.6
6277.9 Sucrosic Dolostone (Mudst) Fore-Reef 29.6  - 11.2 6.4 10.8 0.4 0.4 0.4 1.6 1.6 67.2
6288.2 Sucrosic Dolostone (Mudst) Fore-Reef 7.6  - 6.4 0.4 0.4 0.4 9.6 9.6 82.4
6296.4 Lst. Packstone/Grainstone Fore-Reef 57.6  - 29.6 7.2 16.8 1.2 0.4 Tr 2.4 16.0 16.0 17.6
6297.7 Lst. Packstone/Wackestone Fore-Reef 30.8 0.4 14.8 2.4 8.8 1.2 1.2 0.4 0.4 0.4 0.4 20.0 20.0 48.8
6301.1 Lst. Mudstone/Wackestone Back Reef 12.0 7.2 3.2 0.4 0.4 0.4 0.4 34.4 34.4 40.4
6310.6 Lst. Mudstone Back Reef 27.2 1.2 12.4 7.2 0.4 1.8 1.2 0.4 0.4 0.4 2.0 49.6 49.6 17.2
6318.5 Lst. Mudstone/Wackestone Reefoid 10.0 0.8 1.2 4.8 0.8 1.2 0.4 0.4 0.4 29.6 29.6 40.0
6331.9 Lst. Mudstone Back Reef-Reefoid 20.8  - 3.2 9.6 4.0 1.2 0.8 0.4 0.8 0.8 49.2 49.2 21.6
6346.1 Lst Mudstone Back Reef 33.2 2.4 12.0 7.6 2.0 2.0 Tr 2.4 1.6 3.2 39.2 37.0 2.0 12.8
6359.9 Lst Mudstone Back Reef-Reefoid 16.0 2.8 8.0 3.2 1.2 0.4 0.4 68.0 67.2 0.8 13.6
6371.9 Lst Wackstone Back Reef 34.8 8.4 10.8 2.4 6.0 2.0 2.0 1.6 Tr 1.6 47.6 47.2 0.4 17.2
6382.8 Lst. Wackestone/Packstone Back Reef 33.6 10.0 1.2 4.0 8.0 1.6 1.2 0.4 1.2 0.8 2.0 3.2 35.6 34.4 1.2 30.0
6394.7 Lst Mudstone Back Reef 30.0 8.8 1.6 0.4 4.0 1.2 2.0 0.4 0.4 11.2 54.4 52.8 1.6 14.4
6405.6 Lst. Wackestone/Mudstone Back Reef 34.0 3.2 4.8 9.6 0.8 0.4 Tr 1.2 1.2 12.8 45.2 45.2 20.4
6413.0 Lst. Packstone/Grainstone Back Reef 64.4 7.6 25.2 4.0 24.0 2.0 Tr 1.2 0.4 8.4 8.4 24.8
6423.2 Lst. Mudstone/Wackestone Back Reef 14.0 7.2 Tr 2.4 0.4 0.8 1.2 0.4 0.8 0.8 48.4 48.4 25.2
6429.9 Lst Wackstone Back Reef 21.6 4.4 1.2 4.0 4.8 0.4 0.8 0.4 1.2 0.4 4.0 32.4 32.4 33.6
6431.3 Sucrosic Dolostone Back Reef 22.4 4.0 4.4 2.8 6.8 0.8 0.8 0.4 0.8 0.8 0.8 9.6 9.6 61.2
6435.4 Sucrosic Dolostone (Mudst) Reefoid 9.6 2.4 1.6 0.8 1.6 0.4 0.4 0.4 0.4 1.6 12.8 12.8 68.8
6442.8 Sucrosic Dolostone (Mudst) Reefoid 5.2 5.2 0.0 79.6
6450.9 Lst. Wackestone/Packstone Back Reef 28.8 14.4 8.0 3.2 0.4 0.4 0.8 Tr 0.8 0.8 34.6 34.6 35.2
6460.8 Dolomitize Massive Coral Reefoid 40.0 39.6 Tr 0.4 2.8 2.8 42.0
6474.5 Sucrosic Dolostone/Lst. 
Wackestone
Reefoid 13.2 6.4 3.2 1.2 0.4 0.4 1.6 33.2 33.2 44.8
6483.1 Lst. Packstone/Wackestone Back Reef 57.2 6.4 12.0 30.8 0.8 1.6 0.4 0.8 0.4 4.0 14.4 14.4 15.2
6498.4 Sucrosic Dolostone Reefoid 1.2 1.2 0.0 94.4
6511.1 Sucrosic Dolostone Reefoid 0.8 1.8 0.0 94.4
6523.8 Lst Wackstone Back Reef 42.4 18.4 2.0 6.4 7.2 0.4 0.4 1.6 0.8 1.2 4.0 23.2 22.0 1.2 22.4
6359.0 Sucrosic Dolostone/Lst. 
Wackestone
Back Reef 34.0 7.2 9.2 6.0 0.4 0.8 1.2 0.4 0.8 0.8 7.2 16.0 16.0 Tr 42.4
6551.9 Sucrosic Dolostone Reefoid 0.8 0.4 0.4 0.0 Tr 76.0
6561.6 Lst Wackstone Back Reef 26.0 4.0 4.8 7.2 4.0 0.8 1.2 0.4 0.4 Tr 3.2 54.0 54.0 17.2
6571.6 Sucrosic Dolostone Back Reef 0.4 0.4 0.0 78.4
6583.7 Lst. Packstone/Wackestone Back Reef 43.6 4.0 12.0 19.6 0.8 1.2 1.6 1.6 2.0 0.8 23.6 23.6 19.2
6593.1 Lst Mudstone Reefoid 9.2 0.4 8.8 41.2 40.0 1.2 33.2
6605.4 Lst Mudstone/Wackestone Back Reef 19.2 2.0 6.4 2.8 0.4 3.2 1.6 1.6 1.2 34.4 34.4 38.0
6616.6 Lst Mudstone/Wackestone Back Reef 20.0 3.2 3.2 3.2 2.4 1.6 0.8 0.8 0.8 0.8 3.2 35.2 35.2 39.2
6629.4 Sucrosic Dolostone Reefoid 4.8 4.8 Tr Tr 26.4 26.4 59.2
6639.0 Lst Mudstone/Sucrosic 
Dolostone
Reefoid 4.0 2.4 1.6 52.8 52.8 38.4
6645.4 Lst Mudstone/Sucrosic 
Dolostone
Reefoid 5.6 4.8 0.8 32.8 32.8 53.6
6652.3 Lst Mudstone/Sucrosic 
Dolostone
Reefoid 0.0 20.8 20.8 76.0
6660.9 Lst Mudstone/Dolostone Reefoid 8.8 6.8 2.0 43.2 43.2 37.2
6671.4 Lst Mudstone/Sucrosic 
Dolostone
Reefoid 6.0 5.2 0.8 60.4 60.4 24.0
6680.2 Lst Mudstone/Sucrosic 
Dolostone
Reefoid 2.4 1.6 0.8 57.6 57.6 28.8
6686.4 Lst Mudstone/Sucrosic 
Dolostone
Reefoid 2.0 2.0 60.8 60.8 23.2
6699.2 Lst Mudstone/Wackestone Reefoid 29.2 2.8 4.8 14.0 0.4 1.6 1.6 0.8 1.6 1.6 42.0 39.6 2.4 26.0
6703.9 Lst Mudstone/Wackestone Reefoid 32.4 2.0 21.2 0.4 1.2 1.6 2.0 3.6 0.4 32.8 32.4 0.4 34.4
6714.0 Lst Mudstone/Wackestone Reefoid 25.6 0.8 13.6 0.4 2.0 1.6 0.8 0.4 1.2 4.8 49.6 47.6 2.0 22.8
6721.7 Lst Mudstone/Packstone Reefoid 34.4 21.2 2.8 4.4 2.8 0.8 0.4 1.2 0.8 26.4 26.4 37.2
6727.4 Sucrosic Dolostone/Lst. 
Wackestone
Reefoid 37.6 8.4 10.0 12.0 1.6 0.8 0.8 Tr 0.4 2.8 0.8 16.0 16.0 Tr 42.8
6736.0 Lst. Wackestone/Packstone Back Reef 26.4 2.8 6.0 4.8 1.6 3.6 1.2 1.6 3.2 36.8 36.8 Tr 32.4
6741.2 Lst. Wackestone Back Reef-Reefoid 32.0 1.2 6.8 6.4 2.0 2.8 4.0 1.6 0.4 2.8 4.0 33.6 33.6 Tr 28.4
6755.1 Sucrosic Dolostone/Lst. 
Wackestone
Back Reef-Reefoid 34.0 6.4 9.2 8.8 0.8 1.2 1.6 2.0 2.4 1.6 27.2 27.2 35.6
6770.1 Sucrosic Dolostone Reefoid 20.8 17.6 0.8 1.6 0.4 29.6 29.2 0.4 49.2
6778.2 Lst Wackstone/Mudstone Reefoid 36.8 23.6 1.2 2.4 0.4 3.2 0.4 0.4 0.4 4.0 0.8 Tr 41.6 40.4 1.2 21.6
6739.8 Lst Wackstone/Mudstone Reefoid 28.0 15.6 0.4  - 4.0 0.4  - 1.2  -  -  -  -  - 0.4 1.6  -  - 4.4 36.0 36.0  - 32.8
6795.0 Lst Mudstone Reefoid 20.8 12.8 Tr 0.8 0.4 0.4 0.4 6.0 46.4 46.0 0.4 32.4
6795.6 Lst Mudstone/Wackestone Reefoid 19.2 10.4 2.4 4.0 0.4 Tr 0.4 0.8 0.4 0.4 39.2 39.2 41.6
6839.6 Lst Mudstone Reefoid 4.0 0.4 2.0 0.4 Tr Tr Tr 0.4 0.8 88.8 88.8 7.2
6854.1 Sucrosic Dolostone Reefoid 0.8 0.4 0.4 9.6 9.6 89.6
6864.0 Lst. Packstone/Grainstone Fore Reef - Off 
Reef
48.8 1.6 0.8 3.2 37.6 1.2 1.6 0.4 0.4 0.8 1.2 33.2 33.2 18.0
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Well Depth 
(ft)
Petro
graphy
CL SEM BSEM XRD O&C
isotopes
Sr FIM
EK-2 5758.6 X X X
EK-2 5911.8 X X X
EK-2 5976.3 X X X
EK-2 5982.3 X
EK-2 6072.6 X X X X
EK-2 6110.5 X
EK-2 6209.8
EK-2 6269.6 X X X X X X
EK-2 6284.6 X X
EK-2 6397.2
EK-2 6345.8 X X
EK-2 6445.4 X
EK-2 6457.8
EK-2 6504.0 X
EK-2 6509.8 X X X
EK-2 6563.6 X
EK-2 6587.2 X
EK-2 6601.0
EK-2 6624.7 X
EK-2 6635.8 X
EK-2 6660.8 X
EK-2 6681.2 X X X X X
EK-2 6693.7 X
EK-2 6736.3 X X
EK-2 6804.1 X X
EK-3 5498.6 X X X
EK-3 5538.3 X X
EK-3 5539.3 X X X X
EK-3 5604.6
EK-3 5811.0 X
EK-3 5839.3
EK-3 5896.5
EK-3 5949.0 X X X X
EK-3 5961.8 X
EK-3 5997.2 X
EK-3 6034.1 X X X X
EK-3 6050.8
EK-3 6059.5 X
EK-3 6110.0 X
EK-3 6161.3 X X X
EK-3 6184.6 X X
EK-3 6184.6
EK-3 6304.8
EK-3 6440.3 X X X X
FM-2 6272.1 X X X
FM-2 6362.8 X X
FM-2 6402.5 X
FM-2 6481.8 X
FM-2 6498.2
FM-2 6539.8 X
FM-2 6548.2 X X
FM-2 6586.0 X
FM-2 6601.3 X
FM-2 6640.3 X
FM-2 6672.2 X X X
FM-2 6708.2 X X
FM-2 6742.3 X
FM-2 6752.8 X
FM-2 6765.6 X X X X X X X
FM-2 6792.5 X X
FM-2 6820.8 X
FM-2 6836.8 X
FM-2 6847.7 X X X X X
FM-2 6872.8
FM-2 6917.2
FM-2 6926.5 X X X X X
FM-2 6945.3 X X
FM-2 6985.4
FM-2 6994.2 X
                                Appendix 7.11 :  The list of additional samples for various laboratory analyses.
Table 1: Sample list and type of analysis conducted on each sample.
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